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ABSTRACT
TRANSPORT OF TERRIGENOUS SEDIMENT AND HORSESHOE CRAB
EGGS IN THE SWASH ZONE OF AN ESTUARINE FORESHORE IN
DELAWARE BAY, NEW JERSEY, USA
by
Sherestha Saini
Identification of processes responsible for egg exhumation and transport in the swash
zone is paramount to conservation of species that use the intertidal foreshore. One
example where the understanding of these processes is critical to egg exhumation,
transport and deposition is in Delaware Bay, USA. Beaches in Delaware Bay provide
foraging grounds to many shorebird species that migrate thousands of miles from Central
and South America to feed on nutrient rich horseshoe crab eggs during their peak
spawning season. Eggs laid at depth by horseshoe crabs are exhumed and transported by
bioturbation, wave and swash processes and made available to foraging shorebirds. The
objectives of this dissertation are to: (1) compare differences in the significance of wave
and swash processes to horseshoe crab egg exhumation and transport on the mid foreshore relative to the upper foreshore in the absence of spawning; (2) compare how
horseshoe crab eggs are mobilized relative to sediment; and (3) evaluate the processes
responsible for textural changes of sediment in transport. The study was conducted on a
steep, predominantly sandy foreshore on the New Jersey shoreline of Delaware Bay.
Instrumented wave (height and period) and swash (depth, duration, velocity,
width) measurements were gathered on October 12 and October 14, 2007 during spring
tidal conditions. Dyed horseshoe crab eggs and sediment were injected at a location on
the mid-foreshore that were influenced by wave breaking and swash flows and at a
location on the upper foreshore that was influenced by swash flows alone. Total load

traps were used to measure textural changes in sediment and quantities of egg and
sediment tracer transported over individual swash events during the rising, high and
falling tide.
Sediment on the foreshore comprised medium to coarse sands with a gravel
fraction of granules and pebbles. The proportion of gravel within the foreshore prior to
trapping was low. An increase in the percent gravel transported was observed in the swash

approaching the time of high water. Results suggest that as the energy under incident
waves increase with tidal rise, the quantities of gravel mined out from the bed also
increase and are incorporated into the beach step. Plunging waves breaking over the step
suspend gravel and transport it up the foreshore in the swash. The lag in the rate of step
migration relative to migration of the breaker zone during the falling tide increases the
likelihood of mining gravel from the step and transporting it downslope in the backwash.
Results from the tracer experiments reveal that wave breaking is the primary
mechanism that accounts for the greater quantities of sediment and eggs trapped from the
mid-foreshore in the uprush relative to the backwash despite offshore directed flows
during the tidal cycle when wave heights ranged from 0.43-0.64 m. Low quantities of
eggs and sediment entrained from the upper foreshore are a function of the decreasing
swash depths and flow velocities approaching the uprush limit. Waves did not activate
sediment on the mid-foreshore to depths where crabs would generally lay eggs and
subsequent spawning would be required to make these eggs available to shorebirds. Data
reveal that higher wave heights ranging from 0.65-1.1 m representing storm conditions
resulted in accretion across the foreshore, and no eggs were released from the mid or
upper foreshore.
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CHAPTER 1
INTRODUCTION

1.1

Statement of Purpose

The swash zone is characterized by low water depths, high flow velocities and high
sediment transport rates (Masselink and Russell, 2005). Hydrodynamics and sediment
transport in the swash zone are important for geomorphic and biologic reasons. First, the
swash zone plays an important role in the erosion and accretion of the beachface. Fluid
behavior in the swash zone influences the cross-shore sediment transport rate and
whether sediment will remain on the beachface or be transported offshore (Butt et al.,
2005; Masselink and Puleo, 2006). Second, swash processes contribute to beach recovery
after storm erosion (Elfrink and Baldock, 2002). Third, a significant part of the longshore
sediment transport occurs in the swash zone (Bodge and Dean, 1987; Nielsen, 1992).
Fourth, inclusion of swash run-up dynamics into numerical models improves the
engineering design of coastal structures (Kobayashi, 1999). Fifth, rapidly reversing swash
motions carry oxygen and organic material to interstitial fauna (McIntyre et al., 1970),
deliver food to macrofauna buried in the sand (Lastra et al., 2002), displace macrophytic
wrack (vegetative litter) landward (Thornton and Jackson, 1998) and transports eggs,
larvae and juveniles of faunal communities across the foreshore slope (Nordstrom et al.,
2006).
Several species such as the California grunion (Leuresthes tenuis) (Clark, 1925;
Walker 1952), Atlantic horseshoe crab (Limulus polyphemus) (Shuster and Botton, 1985),
Atlantic silverside (Menidia menidia) (Conover and Kynard, 1984), the mummichog
(Fundulus heteroclitus) (Taylor et al., 1977) and the Japanese puffer fish (Takifugu

1

2
niphobles) (Yamahira, 1996) live in the aquatic environment, but use the
interstitial environment of the foreshore of beaches to lay their eggs. These species bury
their eggs to depths ranging from the top few centimeters (Yamahira, 1996) to 20 cm
(Walker, 1952; Brockmann, 1990) in the foreshore, where they are kept warm and moist
and undergo further development (Brady and Schrading, 1983; Griem and Martin, 2000)
or are exhumed to the beach surface and transported by wave breaking and wave-induced
currents.
The exhumation, dispersal and subsequent deposition of eggs and larvae of many
species have important implications for the population viability of animals that feed on
them. For instance, Rice (2006) observed that the numbers of eggs containing live
embryos of the surf smelt (Hypomesus pretiosus) on an armored beach with no terrestrial
shoreline vegetation were approximately half that of an unarmored, naturally vegetated
beach in Puget Sound. These fish are a key food resource for threatened and endangered
groups of populations of Puget Sound salmon, and maintenance of their stocks has been
identified as high priority for salmon recovery (Bargmann, 1998). Another example of
the effect of egg movement on the population dynamics and abundance of species is
observed in the relationship between Atlantic horseshoe crabs and many species of
western hemisphere shorebirds that migrate thousands of kilometers from Central and
South America to the Arctic (Baker et al, 2004; Morrison et al., 2004). These migratory
shorebirds make a stopover every spring in Delaware Bay to feed on nutrition rich
horseshoe crabs eggs (Walls et al., 2002). Failure to consume sufficient quantities of eggs
could hinder the ability of these birds to accumulate energy in order to complete their
migration successfully, and thus affect their nesting success and long-term population

3
viability (Baker et al., 2004; Haramis et al., 2007). Thus understanding the processes
responsible for egg exhumation, transport and deposition is important to developing
conservation strategies for species that use the intertidal foreshore and to other organisms
whose life cycles maybe associated with them.
The two primary mechanisms responsible for exhumation of eggs from the
intertidal zone include bioturbation and physical processes within the wave breaking and
swash zones. Bioturbation, or burrowing of organisms into the substrate, disturbs
sediment, disaggregates eggs and exhumes eggs to the surface of the foreshore (Kraeuter
and Fegley, 1994). However, the importance of bioturbation to egg exhumation is
dependant on the density of organisms burrowing on the foreshore (Smith, 2007) and the
depth to which previous eggs have been laid. In the absence of bioturbation, eggs will
remain buried and undergo development until wave and swash processes exhume them to
the surface of the foreshore. Hydrodynamic processes within wave breaking and swash
zones that influence egg exhumation and transport when bioturbation is low or absent
have not been fully assessed in past studies.
Cross-shore exhumation, transport and deposition of eggs buried in the foreshore
has been attributed to the tide (Botton et al., 1988; Yamahira, 1996; Martin et al., 2004).
Species that spawn in the intertidal zone synchronize spawning activities with tidal and
lunar cycles (Botton et al., 1998, Martin and Swiderski, 2001). Most species emerge from
the bay or ocean and move onshore during or a few hours after semi-lunar high tides.
Females dig into the sand first to release their eggs, while males on the surface surround
them to fertilize the eggs (Martin and Swiderski, 2001). These temporal patterns of lunar
or tidal spawning will influence spatial patterns of egg burial and subsequent exhumation

4
cross the foreshore. For example, eggs of the grunion (Leuresthes tenuis) and the puffer
(Takifugu niphobles) laid during semi-lunar high tides complete development and remain
buried above the mean high tide line until turbulent, high energy waves associated with
subsequent spring tides exhume the larvae and currents transport them offshore (Moffat
and Thomspon, 1978, Yamahira, 1997, Griem and Martin, 2000). These results supported
the findings of Rudloe (1979), Ehlinger and Tankersley (2003) and Botton and Loveland
(2003) who observed peaks in larval abundance when localized storms with strong
onshore winds coincided with high tide, producing rough surf zone conditions.
Egg exhumation and transport in the intertidal zone has been identified to be
influenced primarily by “mixing” or activation of sediment by waves (Walker, 1952;
Yamahira, 1996) and swash processes (Nordstrom et al., 2006). However, physical
explanations of characteristics of flows that may influence reworking, transport and/or
reburial of eggs and sediment buried at different locations across the foreshore have not
been identified in past studies. For example, while studies (Walker, 1952; Yamahira,
1996) have identified that high wave heights associated with spring tides will erode
sediment and exhume eggs that were buried by fauna during spawning, the influence of
cross-shore or longshore dominant flows in the swash subsequent to wave breaking on
egg transport and deposition are still unknown. In addition, high wave events can create
differing erosional and accretional conditions on the foreshore depending on the direction
of dominant wave approach (Nordstrom, 1980; Nordstrom and Jackson, 1992), but the
implications foreshore response may have on the fate of exhumed eggs and larvae is still
unclear.

5
Since eggs become well mixed with sediment when activated by wave and swash
flows, it can be assumed that hydrodynamic forces transport egg and sediment across the
foreshore in a similar manner. Previous research has shown that maximum sediment
transport occurs in the wave breaking and swash zones (Komar, 1991; Beach et al.,
1992). Investigations on sediment transport have been mostly conducted on exposed
ocean beaches, and have revealed that transport is influenced by wave characteristics
(Elfrink and Baldock, 2002), beach slope (Miles et al., 2006), flow velocities in the swash
(Masselink and Hughes, 1998), shear stresses at the bed (Hughes et al. 1997; Masselink
and Hughes, 1998) conditions in the surf (Masselink and Puleo, 2006), turbulence (Puleo
et al., 2000), infiltration-exfiltration effects associated with the bed (Turner and
Masselink, 1998; Butt et al., 2001) and textural properties of the sediment (Elfrink and
Baldock, 2002).
The importance of understanding key hydrodynamic processes in the swash zone
responsible for entraining eggs and sediment becomes more critical on estuarine beaches
because they provide significance ecological value as spawning, nesting, and foraging
areas for several organisms like meiofauna (Spalding and Jackson, 2001), horseshoe
crabs (Smith et al., 2002), and shorebirds (Botton et al., 2003, Karpanty et al., 2011).
Beaches in sheltered estuarine environments are generally located where there is a
sediment supply and waves energy capable of reworking the sediment. The foreshores of
sandy estuarine beaches are relatively steep (6 to 9°) with a narrow backshore (< 20 m)
and a relatively flat low tide terrace (Nordstrom, 1992, Fenster et al., 2006) (Figure 1.1).
Dominant waves on most estuarine beaches are locally generated with heights ranging
from 0.15 to 0.50 m and periods of 2.0 to 5.0 s (Nordstrom, 1992). On estuarine beaches
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with an appreciable tidal range relative to wave height, the foreshore will be reworked by
both the swash zone and the breaker zone under low and moderate wave energies during
rise and fall of the tide. Sediment that forms estuarine beaches may be predominantly
sand with a smaller gravel fraction (Nordstrom, 1977, Kennedy, 2002, Freire et al.,
2007), mixed sand and gravel (Curtiss et al., 2009) or predominantly gravel (Isla and
Bujalesky, 2004). The gravel fraction (according to the Wentworth scale) may consist
predominantly of granules and pebbles (Nordstrom and Jackson, 1993) or pebbles and
cobbles (Curtiss et al., 2009). The upper foreshore of estuarine beaches is dominated by
swash processes and is comprised predominantly of medium to coarse sands (0.48-0.70
mm). The mid-foreshore, where reworking of sediment by wave activation is greatest,
has predominantly coarse sands (approximately 0.90 mm). Since foreshores of estuarine
beaches are steep, the surf zone width is usually insufficient to allow complete dissipation
of incident wave energy (Short, 1999; Nordstrom et al., 2006) and plunging waves are
converted directly to swash (Nordstrom, 1992). (Figure 1.1)
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Figure 1.1 Estuarine beach foreshore.
Source : Nordstrom et al., 2006.
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Under constant wind speed and direction, swash energies are lowest at low tide
when waves break on the broad, flat, shallow low tide terrace and highest at high tide,
when wave energy dissipation is minimized (Nordstrom et al., 2006). Consequently,
breaking waves and the swash uprush and backwash become the entrainment and
transporting mechanism for sediment and biogenic material present on the foreshore of
estuarine beaches (Nordstrom et al., 2006).
This dissertation analyzes the morphological and sedimentological changes across
the foreshore of a steep, estuarine beach in Delaware Bay in response to process
conditions within the wave breaking and swash zones and examines their influence on
horseshoe crab egg and sediment entrainment and transport.

1.2

Background

One example where the understanding of wave breaking and swash zone processes is
critical to understanding egg exhumation, transport and deposition is in Delaware Bay,
USA. The largest concentration of horseshoe crabs in the world arrives in May and June
each year to spawn on sandy beaches in the estuary Delaware Bay (Pierce et al., 2000)
(Figure 1.2).
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During the spring horseshoe crab spawning period, many shorebirds migrate thousands of
miles to feed on nutrient rich eggs of these crabs. Each spawning female crab in
Delaware Bay may lay egg clusters with numbers varying from 2,524 to 16,835 across
the foreshore (Weber and Carter, 2009). Botton et al. (1994) observed that horseshoe crab
egg clusters are initially deposited by female crabs 15-20 cm deep into the foreshore on
the New Jersey side of Delaware Bay. Weber and Carter (2009) reported egg clusters
buried to depths ranging from 3.5-25.5 cm, with an average depth to center of 15.5 ± 3.5
cm SD across the foreshores of four beaches on the western shoreline of Delaware Bay.
The depth to which egg clusters are laid is a function of the female’s body size and depth
to which she can burrow into foreshore sediments (Shuster and Sekiguchi, 2003). During
each spawning tide, more sets of females burrow into the same part of the beach to depths
of previously laid clusters disaggregating them and mixing them within sediment
(Kraeuter and Fegley, 1994). Dissociated eggs and sediment activated by waves move
upward toward the beach surface, where they eventually come within the reach of
foraging shorebirds (Pooler et al. 2003). Jackson et al. (2005) reported that bioturbation at
locations of the foreshore where maximum horseshoe spawning occurs, combined with
low wave action (wave heights < 0.08 m), can increase depths to which sediments are
activated (Jackson et al. 2005). These depths are greater than those to which sediments
would be activated in the absence of spawning. Smith (2007) reported that as many 20%
of clusters buried in the mid-foreshore region maybe disturbed, even at low spawning
densities.
The literature provides conflicting information on when shorebird foraging is
greatest following horseshoe crab spawning on foreshores in Delaware Bay. Burger et al.
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(1997) reported foraging activity during all stages of the tidal cycle, but numbers during
rising tide were greater than falling and low tide. Botton et al. (1994) observed the largest
flock sizes of shorebirds at high tide, but differences in numbers of birds foraging during
the high, mid-tide and low tide were not significantly different. Most shorebirds generally
fed within the swash zone (Botton et al., 1994), but Ruddy Turnstones Arenaria interpres
and Sanderlings Calidris alba fed on dry sand just above the swash zone (Nordstrom et
al., 2006). Karpanty et al. (2011) observed increased Red Knot foraging behavior on the
falling tide than at low tide whereas Ruddy Turnstones and Sanderlings foraged for an
equal proportion of time during all stages of the tide.
Delaware Bay’s sandy beaches are subject to erosion and shorefront development
that negatively affect their habitat value (Jackson et al., 2002). Harvesting over the last
decades of the 20th century (Kreamer and Michels, 2009), sea level rise (Galbraith et al.,
2005) and the restricted availability of suitable spawning habitats (Botton et al., 1988)
have put the horseshoe crab populations under stress. Populations of shorebirds,
especially the Red Knot (Calidris canutus rufa) are also under stress and have been
declining consistently for the past several decades (Baker et al., 2004). Their numbers at
the prime wintering site in southern South America (Bahia Lomas) fell by approximately
50%, from 45300 in 2000 to 25000 in 2002-2003 (Morrison et al., 2004). This decline
has been attributed to reductions in their food resource, the eggs of the horseshoe crab
(Niles et al., 2008). Since these eggs are of vital importance to the stability of populations
of these shorebirds, it becomes imperative to understand (i) the processes responsible for
egg exhumation by waves and swash; (ii) whether there are differences in rates of
exhumation and transport of eggs that maybe buried at different locations on the
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foreshore, and (iii) what proportion of eggs maybe available for shorebird foraging at
different stages of a tidal cycle from specific locations on the foreshore.

1.3

Objectives

The objectives of this dissertation are to: (1) compare differences in the significance of
wave and swash processes to horseshoe crab egg exhumation and transport on the midforeshore relative to the upper foreshore in the absence of spawning; (2) compare how
horseshoe crab eggs are mobilized relative to sediment; and (3) evaluate the processes
responsible for textural changes of sediment in transport.
The first two objectives were accomplished by gathering data so that comparisons
could be made between quantities of horseshoe crab eggs and sediment exhumed and
transported from a location on the foreshore influenced by both wave and swash
processes and quantities from a location that was influenced by swash processes alone
over a tidal cycle. It is important to analyze the morphological responses at different
locations on the foreshore because wave and swash processes rework sediment to
different depths depending on the time any given region is influenced by these processes.
Wave and swash processes on estuarine beaches cause high degrees of sediment mobility
with varying rates of erosion and accretion across the foreshore during individual swash
events as the tide rises and falls. These changes across the foreshore will influence
quantities of eggs and sediment that are reworked and mobilized to the surface of the
beach as well as quantities of eggs that maybe available on the foreshore for shorebird
foraging with rise and fall of the tide. Steps to accomplish the first two objectives
involved (a) deploying horseshoe crab egg and sediment tracer simultaneously at two
locations across the foreshore where exhumation and transport is due to both the swash
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and wave breaking and swash processes alone; (b) measurement of the quantities of egg
and sediment tracer in transport by deploying traps in the swash; and (c) evaluating the
differences between swash characteristics in the uprush and backwash, which will
ultimately decide whether egg and sediment tracer transport occurs in an onshore or
offshore direction. Data on time averaged flow velocities, depths, durations and widths
were compared during different stages of the tide (rising, high and falling tide) to
evaluate the relative contributions of these processes to egg and sediment entrainment
and transport in the swash.
The third objective was accomplished by analyzing the textural properties of
sediment in transport during individual swash events. Steps involved (a) gathering trap
samples of sediment in transport in the uprush and backwash; (b) evaluating changes in
grain sizes in the uprush and backwash (c) comparing changes in grain sizes in the swash
over different stages of the tidal cycle; and (d) understanding mechanisms responsible for
changes in grain sizes over individual uprush and backwash events. Variables identified
to explain changes in textural properties included individual uprush and backwash
velocities, depths, durations and widths. Surface samples from the lower and upper
foreshore were also gathered to evaluate what sizes of sediment were mobilized over the
tidal cycle. Shear stresses in the uprush and backwash were calculated to assess whether
flows were competent to mobilize the sand and gravel fractions in samples.

1.4

Research Contribution

This doctoral research is expected to make several contributions. Results from this
research will improve knowledge of the physical processes that determine exhumation
and transport of horseshoe crab egg and sediment from two locations (the mid and upper
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foreshore) on an estuarine foreshore that are influenced by different morphodynamic and
hydrodynamic conditions at different stages of the tidal cycle. The mid and upper
foreshore locations are dynamic sub-environments and differ in terms of the amount of
wave energy delivered to the foreshore, rates of sediment transport and textural
characteristics of the sediment. Therefore, spatial and temporal differences in physical
processes need to be assessed and correlated with quantities of eggs and sediment
exhumed and transported from those locations.
Insight will be provided to the process conditions in the swash that sustain the link
between populations of horseshoe crabs and migratory shorebirds that are both under
stress due to alteration of estuarine beach habitat. Knowledge of the quantities of eggs
that are exhumed due to wave activation and those that are entrained due to swash
processes alone under different weather-mediated wave energy conditions in the absence
of spawning, will enhance models of shorebird population fitness that are dependant on
available nutritional sources. In addition, knowledge of the quantities of eggs that remain
buried under different weather-mediated wave energy conditions across the foreshore will
help provide insight to horseshoe crab habitat use, early life history survival including
egg development, and long term population viability. Depending on the wave energy and
angle of wave approach, plunging waves and swash processes may erode and decrease
the depth of sediment deposited over buried eggs, or deposit more sediment over buried
eggs burying them deeper under the surface of the foreshore making them unavailable to
foraging shorebirds. Results from this research will provide the quantitative contribution
of wave and swash processes to egg exhumation and reburial relative to those of beach
sediment.
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Third, this research will highlight processes in the swash responsible for the
textural properties of sediment found on the surface of an estuarine beach. Low energy
estuarine beaches are sensitive to small changes in tidal range and wave energy that cause
significant sedimentological changes across the foreshore. While several studies have
investigated differences in the volume of sediment transported in the swash and related
these differences to swash characteristics, few have investigated the differences in the
textural properties of sediment in transport. Understanding these processes is especially
important in mixed sediment estuarine and low energy beaches because they lack surf
zones and foreshore reworking is dominated by swash uprush and backwash. Changes in
the textural properties of foreshore sediment can alter habitats for fauna that utilize
estuarine beaches so it becomes important to understand how wind, wave and swash
conditions change sediment characteristics.

1.5

Dissertation Structure

This dissertation consists of five chapters in total. Chapter 2 provides an overview of the
rationale behind the proposed research, the discussion of a conceptual model based on
findings of previous investigations on horseshoe crab egg and sediment transport; and
research hypotheses. Chapter 3 identifies the field experiments, laboratory and data
analysis involved to test each of the hypotheses. The first section in Chapter 4 provides a
description of the wind and wave characteristics prevailing on the days of monitoring,
and morphological changes across the foreshore. The second section presents the textural
properties of sediment in transport during the rising, high and falling stages of the tide
during a moderate energy storm event and identifies key processes responsible for the
mobilization and transport of sediment. The third section reports results of a tracer
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experiment to assess the quantities of horseshoe crab eggs and sediment in transport in
the swash and provide process explanations responsible for entrainment and transport.
Chapter 5 discusses the findings in relation to what is currently known about horseshoe
crab egg and sediment exhumation and transport.

CHAPTER 2
LITERATURE REVIEW

2.1

Importance of Egg Exhumation and Transport

Horseshoe crabs are locally abundant for short periods of time in late spring and early
summer (Botton et al., 1994; Smith et al., 2002) and concentrate on sheltered, coarsegrained, well-drained sandy beaches that are conducive to spawning and egg incubation.
Horseshoe crab spawning surveys report crab spawning from Woodland Beach to Cape
Henlopen on the Delaware shoreline of Delaware Bay and from Sea Breeze to Cape May
on the New Jersey shoreline of Delaware Bay (Smith et al., 2002b, c).(Figure 2.1)
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Figure 2.1 Map of Delaware Bay beaches where horseshoe spawning has been reported.

Eggs laid by females are extremely sticky (Brown and Clapper, 1981) and stick to
one another as well as to the sediment (Rudloe, 1979). The potential for the vertical
movement of these eggs to the sand surface depends on factors such as wave energy,
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sediment grain size, beach morphology, and frequency of nest disturbance by
crabs (Smith, 2007). Waves on estuarine beaches are generally low in height (< 0.25m)
and short in period (3-4 seconds) resulting in low depths of activation (Jackson et al.,
2002; Jackson et al., 2005). Under low wave energy conditions (<0.25 m significant wave
heights), depths of activation will be less than 0.03 m and exhumation of eggs will be
confined to the top few centimeters of the foreshore (Jackson et al., 2002). It is in the top
0.05 m of the foreshore where horseshoe crabs eggs are generally available to shorebirds
for feeding (Botton et al., 1994). According to Kraeuter and Fegley (1994), burrowing
horseshoe crabs can disturb sediment on tidal flats to depths of 0.11 m. Jackson et al.
(2005) reported maximum sediment activation depths of 0.103 m where spawning
occurred on the upper foreshore of a sandy estuarine beach. In the absence of spawning
crabs, the depth of the bottom sediment layer that is affected by hydrodynamic processes
over a tidal cycle, known as the depth of sediment activation, will ultimately be
responsible for the exhumation of eggs from the sand matrix (Jackson et al., 2002).
Smith (2007) provided a simulation study to quantify horseshoe crab densitydependant nest disturbance on a typical beach in Delaware Bay during a spring tidal
cycle. He observed that nest disturbance during peak spawning increased approximately
linearly as spawning density increased from one half to approximately twice the 2004
crab densities. When the density of spawning crabs was increased further, nest
disturbance reached asymptotic levels. A minimum of roughly 5-9% of these disturbed
eggs would be exhumed to the surface (i.e., 0-5 cm) through various processes and be
available for consumption by most shorebirds.

17
Horseshoe crab eggs are laid in masses and are not uniform in size or shape, but
do tend to be ovoid, slightly flattened, and thinner (from top to bottom) than wide. As
these eggs develop, they become more turgid and rounded (Weber and Carter, 2009).
They behave as passive, negatively buoyant particles once they enter the water column
(Botton et al., 1994) and like the eggs of other beach spawning species, attach to the
substrate by some form of adhesion so that they are not transported too far from where
they are laid on the beach or transported in an offshore direction (Martin et al., 2001).
Previously laid egg clusters may break into several smaller aggregations of eggs, or
‘‘clusterlets”, and further into individual eggs (Pooler et al., 2003). Sediment containing
clusterlets and dissociated eggs are activated by waves, moved vertically upward towards
the beach surface, entrained within the flow and deposited on the bed. Cross-shore and
longshore currents in the swash exhume and transport these eggs until they settle near
beach obstructions or get trapped in the vegetative litter (Nordstrom et al., 2006) and
these areas become important foraging areas for shorebirds (Botton et al., 1994).
Understanding the link between physical processes (tides, waves, current velocity,
sediment grain size, beach morphology) and biological responses (egg densities within
sediment matrix, egg exhumation and transport) is therefore, critical to the conservation
and management of horseshoe crabs and shorebirds in their environment.
Waves and currents play an important role in the erosion, deposition or activation
of sediment in the beach matrix which control quantities of eggs that may remain buried
in deeper sediment or be mobilized to the surface in the absence of bioturbation by
horseshoe crab spawning. Dominant winds in Delaware Bay are from the northwest and
blow onshore with the greatest velocity over a short fetch distance (maximum of 48 km)
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(Jackson, 1999). Significant wave heights of 0.50-0.60 m associated with onshore wind
speeds of 12 m s-1 or more are required in order to disturb sediment and eggs that maybe
buried to depths of up to 0.15 m (Jackson and Nordstrom, 1993). However, high wave
events can create differing erosional and accretional conditions on the foreshore
depending on the direction of dominant winds during that event (Figure 2.2). Erosion of
the upper foreshore and deposition on the lower foreshore with little change on the low
tide terrace typically occurs when shoreline orientation is near perpendicular to dominant
high velocity winds generating waves approaching normal to the shoreline (Figure 2.2,
Type A). During post-storm recovery, sediment is transported up the foreshore resulting
in restoration of the previous foreshore slope (Nordstrom, 1980; Nordstrom and Jackson,
1992). When shoreline orientation is at an angle to approaching winds, waves also
approach at an angle, erosion occurs across most of the foreshore and changes are less
conspicuous (Figure 2.2, Type B). Alongshore wind conditions cause prolonged periods
of unidirectional wave approach and vertical landward displacement of the entire
foreshore profile while the profile slope is maintained. These patterns of change across
the foreshore in response to varying wind and wave regimes may either make eggs
available to shorebirds following exhumation by erosional events (Castro and Myers,
1993), or bury them under sediment deposited during accretionary events where they
undergo development into larvae at a temperature dependant rate (Weber and Carter,
2009). It is important to note that burial of eggs may potentially affect egg survival at
different beach elevations (Penn and Brockmann, 1994; Jackson et al., 2008). Eggs
buried on the upper foreshore are more likely to desiccate because sediment at that
location are warmer and have less moisture because of less potential of recharge by
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swash infiltration. Burial of eggs beneath sediments on the mid-foreshore creates an
environment that is more conducive to egg development because of the presence of
optimal moisture, interstitial oxygen and temperature. Textural properties of sediment at
the mid and upper foreshore also extend an influence on egg development by controlling
the amount of moisture sediment grains can hold and the rate of drainage once the tide
recedes (Jackson et al., 2008). Conditions on the mid-foreshore of estuarine beaches
promote egg development but this is also the region where activation by waves is greatest
at high water (Sherman et al., 1994) and eggs are likely to be exhumed especially during
storm events.
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Figure 2.2 Morphological change on the foreshore of a sandy beach in response to high
energy waves. MHW and MLW are mean high water and mean low water.
Source: (Nordstrom and Jackson, 1992).

Delaware Bay experienced a decline in spawning population of horseshoe crabs in
the early 1990’s due to peaks in harvesting of the species (Swan et al., 1996; Shuster,
1996; ASMFC, 1999), but recent assessments indicate that relative abundance of crabs
has stabilized since 2000 and is showing signs of recovery. A technical report compiled
by the Atlantic States Marine Fisheries Commission established that female spawning
activity in Delaware Bay has been stable over the past nine years and both male and
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female adults were experiencing a positive population growth (ASMFC, 2008). Smith et
al. (2009) provide a recent review of assessments of Limulus populations in Delaware
Bay. They reported a high degree of correlation (r =0.77 for females, r = 0.94 for males)
between estimates of relative abundance of adults based on data gathered through
offshore trawl surveys (Hata, 2008) and spawning surveys (Michels et al., 2008) between
the years 2002-2007. Hata (2008) observed an increase in the numbers of juveniles, adult
males and adult females since 2003 and also reported increased recruitment to the
population owing to the greater numbers of smaller size classes caught by the trawl gear.
Smith et al. (2009) also observed expanding size distributions amongst 9,075 juvenile
horseshoe crabs captured in a tagging study in Delaware Bay from 2003 - 2005.
While adaptive management strategies since the late 1990’s have contributed to
an increase in horseshoe crab abundance in Delaware Bay (Smith et al., 2009), numbers
of wintering Red Knots (Calidris canutus rufa) continue to decline (Baker et al., 2004,
Morrison et al., 2004). Greater crab abundance within Delaware Bay alone does not
imply that egg numbers will be sufficient to arrest the decline in Red Knot numbers. The
timing of horseshoe crab spawning relative to shorebird refueling also plays a very
important role in ensuring that Red Knots and other shorebirds are able to gain mass for
their departure from the Delaware Bay stopover area. Data gathered by McGowan et al.
(2011) suggest the probability that a bird arriving at Delaware Bay weighing less than
180 g will become a heavy bird (weighing more than 180g) was positively related to
estimated female crab abundance on spawning beaches during the second half of May
when peak horseshoe crab spawning is observed. Total horseshoe crab spawning numbers
during this period did not show any statistical correlation with Red Knots’ gain in body
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mass. Any gain in mass by Red Knots during the early periods of the spawning season
(between early to late May) was also not attributed to spawning crabs suggesting that
horseshoe crab spawning and shorebird foraging needs to match temporally in order for
shorebirds to successfully complete their long distance migration to the Arctic breeding
grounds.
Heavy spawning events are often delayed if the water temperature falls below 15
ºC (Smith and Michels, 2006) or if there is increased wave activity due to the occurrence
of storms (Smith et al., 2011). Also, habitats of both horseshoe crab and migratory
shorebird populations are threatened by shoreline development and erosion. According to
Botton et al. (1988), only 10 percent of the New Jersey shoreline provides optimal habitat
for spawning horseshoe crabs. Shuster and Botton (1985) reported that the increased
number of jetties and residential development may have been a contributing factor in the
decline of numbers of horseshoe crabs in Delaware Bay between 1871 and 1981. High
rates of erosion may result in the modification, deterioration or loss of suitable spawning
beaches for horseshoe crabs (Jackson et al., 2002). For example, highly eroding beaches
may expose peat outcrops which create anaerobic conditions within sediment reducing
horseshoe crab egg survivability. Crabs detect the hydrogen sulfide or low oxygen
condition in such areas and avoid spawning on these beaches (Botton et al., 1988). Global
warming and subsequent sea level rise could further exacerbate horseshoe crab spawning
and shorebird foraging habitat (Cooper et al., 2008). In order for all migratory shorebirds
to meet their energy requirements during their three week stopover in Delaware Bay, a
large number of horseshoe crab eggs are required. Castro and Myers (1993) estimated
that at least 1,820,000 female horseshoe crabs would be required to produce
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approximately 539 metric tons of eggs sufficient for shorebirds if they fed exclusively on
horseshoe crab eggs and not on any other food items. The actual number of horseshoe
crab eggs consumed by shorebirds is likely fewer than this estimate, requiring a smaller
number of horseshoe crabs to produce the actual amount consumed by migratory birds.
Botton et al. (1994) estimated that an average of 44,000 eggs per square meter would be
required to sustain the entire shorebird population in the Delaware Bay. Since horseshoe
crab egg availability is critical to meeting the energy needs of shorebirds over a narrow
window of time every spring (Smith et al., 2011) and the probability that an increased
frequency of mismatched migrations of the two species would result in decreased
recruitment of shorebird populations (Durant et al., 2005), the understanding of physical
processes in relation to egg exhumation and transport needs more attention.

2.2

Processes Responsible for Sediment Transport in the Swash Zone

Understanding the hydrodynamic forces operating within the swash zone is important to
determine the mechanisms by which horseshoe crab eggs are made available to migratory
shorebirds. Natural sediment (biogenic and terrigenous) generally consists of a mixture of
different grain sizes with correspondingly different settling velocities. Intuitively, for a
given flow velocity, we would expect that finer sediment would have a greater tendency
to go into suspension than coarser fractions (Nielsen, 1992; Raudkivi 1998). Even though
horseshoe crab egg and foreshore sediments are subject to the same hydrodynamic forces
in the swash and breakers, their rates of transport are expected to be different due to
differences in their physical properties. Horseshoe crab eggs are less dense (0.65 gm ml-1)
compared to the density of the sediment (quartz sand density = 2.65 gm cc-1) they deposit
their eggs in. Once in the water column, eggs will tend to stay in suspension longer than
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sediment. Being denser than horseshoe crab eggs, sediment particles will sink faster and
be deposited on the foreshore when water levels drop in the swash lens.
Sediment on estuarine beaches is mostly comprised of medium to coarse sand and
a gravel fraction consisting predominantly of granules and pebbles (Nordstrom &
Jackson, 1993). Gravel is a key diagnostic feature on predominantly sandy estuarine
beaches, and its presence and distribution are important for the interpretation of palaeodeposits (Nordstrom & Jackson, 1993) and for the assessment of the viability of habitat
for biota that utilize the estuarine foreshore (Wieser, 1959; Rice, 2006; Jackson et al.,
2008; Dethier et al., 2010). Previous investigations of the transport of gravel on estuarine
beaches identified the importance of wave height and tidal elevation to the net position
(horizontal and vertical) of gravel on the foreshore. The stage of the tide determines the
width of the foreshore that will be reworked by waves, the wave energy delivered to
different locations across the foreshore and the locations where sediment can be
entrained. Field observations reveal that concentration of gravel on the surface increases
with decreasing elevation across the foreshore and is a function of the tide and wave
energy gradient (Nordstrom & Jackson, 1993; Curtiss et al., 2009). After low and
moderate wave energy events on sandy beaches with a gravel fraction (Figure 2.3), the
foreshore is characterized by a gravel band at the upper limit of swash, a lack of gravel
across the upper foreshore above mean tide level, and a high concentration of gravel on
the lower foreshore down to the break in slope, that represents the contact between the
foreshore and the low tide terrace (Nordstrom & Jackson, 1993; Curtiss et al., 2009).
During high wave energy events, the foreshore undergoes cut and fill, the sediment is
well-mixed, and there is a reduction in the amount of gravel remaining on the surface at
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the time of low tide, except in the band of gravel at the upper limit of swash (Nordstrom
& Jackson, 1993).
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Figure 2.3 Profile of an estuarine beach identifying sand and gravel concentrations
across the foreshore.
Source: Saini et al. (2011) In press.

Transport of sediment by fluid generally occurs as bed load or suspended load,
depending on the size of the particles and strength of the flow (van Rijn, 1984). When
flow speeds exceed the critical value for initiation of motion of a particle on the bed,
sediment moves as bedload transport. In this mode of transport, grains roll, slide and
saltate along the bed. Bed load is the dominant mode of transport when flow rates are low
and/or grain sizes are large. According to Soulsby (1997), coarse sands and gravel are
usually transported as bed load. If flows are strong and they exceed the threshold of
suspension, bedload transport will still occur but the quantity of sand sized sediment
carried as suspended load will exceed the quantity transported as bed load. However, it is
difficult to accurately estimate bedload and suspended load separately in field
experiments because of sampling difficulties. Extremely sensitive devices are required to
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be deployed in sufficient depths of water in order to measure bedload and suspended load
effectively. Therefore, total load representing a sum total of bedload and suspended load
is used to represent quantities of sediment transported in the swash uprush and backwash.
Hughes et al. (1997) observed that sediment transport on steep beaches occurred as sheet
flow, i.e. several layers of the bed were mobilized as bed load and suspended load
throughout the uprush. Therefore, it is assumed that horseshoe crab egg and sediment
transport is dominated by sheet flow conditions in the swash zone of steep estuarine
beaches.
The most routinely used model to predict sediment transport in the nearshore zone
is based on the energetics model developed by Bagnold (1963). The basic principle
behind this model is that the energy expended by a fluid moving on a sediment bed is
transferred into energy that generates shear stress between sediment particles and
mobilizes and transports sediment grains along the bed. As this stress increases, grains
roll over each other and are in continuous contact with the bed. This model works if the
sediment transported is predominantly entrained by locally generated shear stresses in
swash flows. The applicability of this model in the swash zone decreases if larger
quantities of sediment are entrained by bore collapse and subsequently advected into the
swash zone
Sediment transport rates in the uprush and backwash on steep sand beaches have
been related to many inter-related processes. These processes include cross shore velocity
asymmetries (Ivamy and Kench, 2006), shear stresses at the bed (Hughes et al., 1997;
Masselink and Hughes, 1998), cross-shore morphology as a function of beachface slope
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and textural properties of the sediment. A description of each of these factors is provided
below.

Cross-shore Velocity Asymmetries
Previous studies have reported that the attributes of the swash uprush and backwash are
not identical. Mean onshore flow velocities during the uprush are generally higher and of
short duration compared to the backwash (Masselink and Hughes, 1998, Hughes et al.,
2007). As a result, the mean cross-shore velocities are directed offshore (Masselink and
Russell, 2006). Peak uprush velocities may either be similar (Puleo et al., 2003) or
slightly higher than peak backwash velocities (Hughes and Baldock, 2005). The velocity
of a swash uprush is at a maximum near the start and velocity of a backwash is at a
maximum at the end. Water depths are relatively greater in the uprush than in the
backwash (Hughes et al., 1997). These differences between the swash uprush and
backwash make them behave like two separate systems (Kirk, 1970).
After wave breaking, flows in the shallow water of the swash become
increasingly asymmetrical and the statistical distribution of the recorded instantaneous
velocity data points become skewed. Thus, the mean cross-shore velocity by itself is not
sufficient to explain sediment transport in the swash zone. Therefore, a higher order
velocity moment of the cross-shore flow, referred to as the skewness (usk) is used to
determine the cross-shore velocity asymmetry in the swash, and thus the direction of net
sediment transport (Masselink and Russell, 2006). The skewness gives information about
the asymmetry of the statistical distribution of the data points in the cross-shore velocity
time series. A skewness value greater than 0 indicates that the velocity is skewed onshore
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(i.e. onshore velocities are higher, with short duration, while offshore velocities are
lower, with longer duration). The inverse holds true if the skewness value is less than
zero. It is important to note that the significance of skewness in explaining cross-shore
sediment transport increases when sediment entrainment and transport is predominantly
induced by local shear stresses during wave uprush and backwash, and to a lesser extent
by bore collapse seaward of the swash zone.
Ivamy and Kench (2006) related data on uprush and backwash sediment transport
to cross shore velocity asymmetries gathered during low energy conditions on a mixed
sand and gravel beach following a storm event. They observed that energy under
breaking waves modulated by the tidal stage was critical in entraining sand and gravel
present on the lower foreshore. However, onshore swash velocity asymmetries were
responsible for transporting the entrained sediment to the upper beach. Recently,
Blenkinsopp et al. (2010) developed a method to measure simultaneous bed level changes
and depth averaged cross shore flow velocity data during swash events and were able to
demonstrate that swash velocities are more negatively skewed (offshore directed) than
observed in previous investigations. Negative skewness values may have significant
effects on the results of energetic calculations made over a swash cycle (e.g., by using
Bagnold’s energetics model), leading to increased estimation of predicted offshore
sediment transport.
Masselink and Russell (2006) compared shoreline changes by the swash on a flat
dissipative ocean beach relative to a steep intermediate ocean beach. They observed that
cross shore flows were dominated by offshore directed mean flows, especially on the
steeper beach. However, profile measurements reported accretion on the upper part of
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both beaches, indicating that net sediment transport was onshore. Their data
demonstrated that application of energetics-based sediment transport models to the crossshore velocity time series in the swash would have predicted offshore sediment transport
with erosive conditions on the upper part of the beach. They attributed failure of the
energetics model using cross shore flow asymmetry data in predicting onshore sediment
transport to factors such as enhanced bed shear stresses in the uprush which could be
attributed to flow acceleration, bore turbulence or infiltration effects. Advection of boreentrained sediment into the swash zone is also another reason highlighting the fact that
flow asymmetry data cannot be used alone to explain onshore sediment transport.
Jackson et al. (2004) reported that the sediment transported in the early part of the uprush
right after wave breaking is inherited in part by turbulence generated during bore collapse
seaward of the lower swash zone. Jensen et al. (2010) were able to isolate individual
bores from pressure transducers deployed in the lower swash and observed an increase in
suspended sediment loads entrained at the bore front which is delivered to the mid and
upper regions of the swash.

Shear Stresses in the Uprush and Backwash
Sediment transport within the swash also occurs due to turbulence arising from local
shear stresses generated at the bed during swash uprush and backwash. Direct
measurements of shear stress in the swash are difficult to obtain and therefore most
sediment transport model rely on velocity measurements to calculate the shear stress at
the bed.
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Conley and Griffin (2004) used a hot film anemometer deployed flush with the
bed to measure bed shear stresses in the field, and observed a rapid rise and gradual
decline in bed shear stress during uprush, and a more symmetric rise and fall of shear
stresses during the backwash. Peak uprush shear stress was also observed to be nearly
twice that of the peak backwash shear stress. Many studies have found that the friction
coefficient in the uprush is significantly larger than in the backwash (Cox et al. 1998;
Cox and Hobensack, 2001; Conley and Griffin, 2004), and therefore for a given velocity,
bed shear stresses in the uprush would be higher than those in the backwash (Masselink
and Puleo, 2006). Enhanced shear stresses during the uprush have been attributed to
several processes including bore turbulence (Puleo et al., 2000), in/exfiltration effects
(Conley and Inman, 1994; Turner and Masselink, 1998), and flow acceleration (Nielsen,
2002; Puleo et al., 2003). Puleo et al. (2000) measured suspended sediment
concentrations and velocities within three locations across the swash zone of a steep
sandy beach during high tide. They reported maximum suspended sediment
concentrations in the leading edge of the swash following bore collapse. Their
instruments detected a decrease in suspended sediment concentrations right after initial
inundation by the swash. They could not determine whether the decrease was attributed
to sediment being advected with the leading edge of the uprush or if sediments were
simply settling down in the water column. The velocities behind the leading uprush edge
were quite large, but no new sediment appeared to be entrained while the uprush was in
motion suggesting that bore generated turbulence acting on the bed near the start of the
uprush played a more important role in suspending and transporting sediment onshore
than in situ bed shear stresses in the uprush alone. Furthermore, they observed a direct
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correlation between the energy dissipated and resulting suspended sediment
concentrations in the vicinity of the bore. Suspended sediment concentrations were
observed to gradually increase in the backwash with highest suspension at the very end of
the flow associated with maximum backwash velocity.
Turner and Masselink (1998) used field measurements to include the effects of
seepage flow on the bed shear stress. They compared swash zone sediment transport in
the presences of infiltration/ exfiltration relative to a case of no flow through the bed.
They calculated that infiltration effects increased bed shear stresses in the uprush and led
to a greater than 40% enhancement of the transport potential in onshore flows. Due to
exfiltration, backwash flows were observed to undergo a 10% reduction in their sediment
transport potential. They concluded that the effects of seepage forces and enhanced bed
shear stresses in the swash on a saturated beachface increased net onshore sediment
transport.

Swash Processes as a Function of Beach Slope
The beach slope exerts a direct control on sediment transport processes in the swash, and
consequent morphological changes on the foreshore. Duncan (1964) reported that
beaches with low slopes generally had wide swash zones and those with steep slopes had
narrow swash zones. When the beach slope is small, incoming waves break gradually
over greater widths, producing a well developed surf zone in which wave heights
decrease progressively while moving onshore. When the beachface is steeper, the width
of the surf zone maybe small or negligible, and waves break by plunging. Therefore, for
small slopes, shear stress generated by swash flows is the primary mechanism for
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sediment transport. For steeper slopes, other transport mechanisms such as wave breaking
may play a greater role in transporting sediment (Larson et al., 2004).
According to Hardisty (1986), the beachface is in dynamic equilibrium with
swash motions when the quantities of sediment transported onshore by the uprush is
equal to that transported seaward by the backwash, and the associated equilibrium
gradient represents the balance between onshore swash asymmetry and the downslope
component of gravity (Hardisty, 1986). However, beachface gradients can be modified
with variation in the mean grain sizes in transport across the foreshore. Coarser grain
sizes are associated with steeper beach slopes and finer grain sizes have flatter beach
slopes (Bascom, 1959). When sediment on the beach is relatively coarse (D50 > 1 mm),
swash infiltration plays an important role in sediment transport processes (Grant, 1948;
Quick, 1991). Water percolates into the bed comprising coarse grains and resulting
backwash flows are weaker. Onshore sediment transport is enhanced, resulting in a
steepening of the beachface until a gradient is attained where onshore forces due to swash
asymmetry are balanced by gravitational forces. On beaches comprising sediment with
median grain sizes less than 1 mm, suspended sediment transport is the dominating
mechanism controlling sediment transport. In this case, the beachface gradually becomes
flatter as finer sediment causes less percolation, and therefore less sediment transport in
the swash.
Indirect effects of the beachface gradient on sediment transport in the swash were
discussed by Masselink and Puleo (2006). The beach gradient at the bottom of the swash
zone plays an important role in controlling the type of breaker generated and thus
determines the amount of turbulence and suspended sediment advected into the swash
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zone at the start of the uprush. For spilling and surging-type breakers, the onshore swash
asymmetry derived from the wave breaking process maybe limited since wave energy is
released more gradually as waves move onshore. However, plunging breakers allow
increased energy dissipation and associated turbulence with onshore swash asymmetry
greatly favoring uprush sediment transport, hence promoting the development of a steep
gradient.
The flattening and steepening of the beachface also cause an increase and
decrease in swash period, respectively that affect swash processes and sediment transport
(Masselink and Puleo, 2006). If the duration of a swash cycle is less than the incident
wave period, swashes are uninterrupted and are believed to promote offshore sediment
transport and flattening of the beachface. If the duration of a swash cycle is greater than
the incident wave period, interactions between swash cycles occur and onshore sediment
transport is promoted with associated profile steepening. Holland and Puleo (2001) used
innovative video measurements on a sandy foreshore to assess morphological response
following a storm and reported that their foreshore adjusted to wave and swash
conditions in a way that it minimized differences between swash duration and the
incident wave period.

2.3

Conceptual Model of Egg Exhumation and Transport

A conceptual model based on the findings of previous investigations on swash zone
sediment transport that is applicable to transport of horseshoe crab eggs and sediment
(coarse sand and granules) on a steep estuarine beach is as follows. Most of what is
known about swash zone hydrodynamics and sediment transport is based on field
investigations carried out on exposed ocean beaches (Elfrink and Baldock, 2002;

33
Masselink and Puleo, 2006), not on estuarine beaches. The foreshore of estuarine beaches
are typically steep and comprise sediments that are relatively coarser than those found on
ocean beaches. Wave and swash energies are delivered across a narrow and more
concentrated zone because plunging waves are directly converted to the swash without
passing through a surf zone that is characteristic of many ocean beaches. The contribution
of plunging waves to sediment entrainment is thus expected to be greater than the
contribution of bed shear stresses generated locally in uprush and backwash flows. The
importance of wave breaking as the dominant mechanism of sediment entrainment on
steep beaches relative to shear stress has also been reported by other investigations
(Hughes et al., 1997; Puleo et al., 2000; Butt et al., 2004). Therefore, the key hypotheses
to be tested in order to explain horseshoe crab egg and sediment transport on steep
estuarine beaches are as follows:
a) During the rising and falling stages of the tide, greater quantities of egg and
sediment will be exhumed in the lower swash zone due to wave breaking than quantities
entrained by locally generated shear stresses in the upper swash landward of wave
breaking.
b) During the high water still stand, greater quantities of egg and sediment will be
entrained in the swash due to locally generated shear stresses than exhumation by wave
breaking.

2.4 Conceptual Model of Textural Changes of Sediment Transported in the
Swash

A conceptual model based on previous findings of processes that control sediment
transport in the swash zone when winds blow directly onshore and moderate energy wave
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conditions prevail is as follows. During the early part of the rising tide, the energy under
the peak of the incident waves will be low because offshore water levels are low, and
resulting velocities of the uprush and backwash will also be low. Swash widths
determined, in part, by the wave height and period, will be short compared to other tidal
stages. Waves breaking at the location of the break in slope will generate swash events
with upper swash limit at the location of the lower foreshore. Sediment transported will
be moderately well sorted and comprised predominantly of sand and a small percentage
of granules and pebbles that are entrained from the surface of the lower foreshore by
local shear stresses during the uprush and backwash. The potential for entrainment of
larger pebble clasts by locally generated shear stresses is expected to be low during the
early part of the rising tide. As the tide continues to rise, offshore water depths and wave
energies will increase and an increasing proportion of gravel to sand will be transported
in the swash as plunging waves breaking on the lower foreshore suspend and deliver
gravel into the swash zone.
Since breaking wave heights and energy dissipation are greatest at high tide,
increasing quantities of granules and pebbles relative to the sand fraction will be
suspended and delivered into the swash. Sorting of sediment during high tide is expected
to be poor indicating an increase in the range of sediment sizes transported. Swash widths
and velocities are expected to be greatest relative to other stages of the tide. The potential
for uprush and backwash flows to entrain the coarser fractions present on the foreshore
will also be high during high water still stand. Coarser fractions that are entrained by the
largest uprush excursions will be stranded at the upper limit of swash and will not be
recaptured in the subsequent swash events.
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The falling tide will be characterized by low wave heights and the associated
energies under the peaks of incident waves will begin to decline. Granules and pebbles
deposited on the upper foreshore will become entrained in backwashes and progressively
move downslope. Quantities of granules and pebbles transported during the falling tide
will be similar to those transported during the rising tide.
The shape of the granule and pebble fraction will also play an important role in
determining transport over the tidal cycle (Orford, 1975; Ciavola and Castiglione, 2009).
If the shape of the coarse fraction is more discoidal, the likelihood of particles to be
suspended in the uprush and deposited at the upper limit of the uprush will be high. If
granules and pebbles are well rounded, they will tend to roll down more easily in the
backwash by the force of gravity and be deposited on the lower foreshore. Hypothesis to
be tested in support of this model are:
a) The percentage of granules and pebbles in transport over the tidal cycle will be
lowest during the initial stages of the rising tide and latter stages of the falling tide when
wave energies are lower relative to other stages of the tide.
b) The percentage of granules and pebbles in transport over the tidal cycle will be
greatest during high water when wave and swash energies are at a maximum.

CHAPTER 3
METHODS

3.1

Overview

The methods presented here address the three main objectives of this study including:
(1) the significance of wave and swash processes to horseshoe crab egg exhumation and
transport in the absence of spawning; (2) comparison of how horseshoe crab eggs are
mobilized relative to beach sediment; and (3) evaluation of the processes responsible for
textural changes of beach sediment in transport in the swash zone on a steep estuarine
foreshore during a moderate energy storm event. The first two objectives were
accomplished by deploying egg and sediment tracer at two locations (mid and upper
foreshore) on two separate days, and measuring the quantities of tracer in transport by
using total load streamer traps in the uprush and backwash over individual swash cycles.
Tracer injection sites were exhumed after the fall of the tide to identify quantities of egg
and sediment tracer that was mobilized due to wave and swash processes. The third
objective was accomplished by analyzing sediment characteristics (mean size, sorting and
skewness) of total load of sediment trapped over a tidal cycle. Characteristics of the
swash uprush and backwash were gathered on the foreshore from mid-rising tide to midfalling tide by deploying instruments including pressure transducers and electromagnetic
current meters in the swash zone to identify processes responsible for entrainment and
transport of eggs, sediment tracer and total load.
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3.2

Field Site

The field investigation was conducted on the foreshore of a small transgressive barrier
located on the west facing shoreline of Delaware Bay, New Jersey (Figure 3.1). Delaware
Bay is a micro tidal estuary; tides are semi-diurnal with a mean range of 1.6 m and spring
range of 1.9 m (NOAA, 2007a). The site, located 15 km north of the mouth of the estuary
in the community of Green Creek, New Jersey, was chosen because it has been observed
to support the highest numbers of spawning horseshoe crabs along the New Jersey
shoreline in past spawning seasons (Shuster and Botton, 1985; ASFMC, 2005).
Horseshoe crabs prefer to spawn on beaches that are dominated by coarse sandy sediment
(Botton et al., 1988), like those present at the field site. Also, the site is present in the
middle region of Delaware Bay, where salinity levels are optimal for spawning and ocean
generated wave energy is limited (Smith et al. 2002).
Wind speed, direction, and duration determine the height and periodicity of waves
generated in estuaries; thus beach morphology is tied to local wind conditions (Jackson,
1995). Beach processes are generally dominated by locally generated waves of low
height (< 0.25 m) and short period (2.5 sec) associated with winds blowing from the
northwest during nonstorm events (Jackson et al., 2002; Jackson et al., 2005). However,
the passage of low pressure centers can bring strong northwesterly or northeasterly winds
that can create storm conditions (wind speeds greater than 8 m s-1) and cycles of erosion
and accretion at the field site (Jackson, 1995). Plunging waves break on the foreshore and
are converted directly into swash without passing through a surf zone. The foreshore is
approximately 12 m wide with a 6° slope, and a flat (< 0.5 º) low tide terrace (Jackson et
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al. 2005). Sediment is predominantly quartz and feldspar medium to coarse sands with a
conspicuous gravel fraction of granules and pebbles (Nordstrom and Jackson, 1993).
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Figure 3.1 Map showing location of Delaware Bay (A), the field site (B) and photograph
of the field site (C).

3.3

Field procedures

Field data were collected during spring tides, one day after the new moon on October 12,
2007 and three days after the new moon on October 14, 2007 from mid rising to mid
falling tide. The cross-shore limits of investigations on both days extend from a baseline
on the dune crest to 4 m bayward of the break in slope separating the foreshore from the
low tide terrace (Figure 3.3). The procedures involved to fulfill the objectives of this
dissertation are described below:

3.3.1

Trapping Experiments

In order to assess egg and sediment exhumation and transport due to wave and swash
processes, experiments were performed by injecting tracer into two locations on the
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foreshore on October 12 and October 14, 2007. A mid-foreshore location was chosen for
tracer injection so that both swash processes and wave breaking would influence the
exhumation and transport of tracer over the tidal cycle. An upper foreshore location was
selected, above the expected position of wave breaking at high tide, so that exhumation
and transport processes could be related to swash processes alone. It is difficult to
ascertain the exact location of the maximum landward extent of wave breaking and that
of the upper limit of the swash before monitoring, thus a best estimate of these two
locations was made by identifying the spring tidal wrack elevation. The spring tidal
wrack elevation is defined as the location on the foreshore where accumulation of
vegetative litter takes place during the highest tides of the month during new and full
moon.
Sediment collected from the dry foreshore was washed, dried and coated with
fluorescent paint. Eggs, harvested during the spring spawning season and frozen, were
thawed, mixed in a pail filled with a solution of bay water and commercial food coloring,
and then left overnight for color to set in. Sediment and eggs placed at depth in the mid
and upper foreshore on October 12 were dyed orange and blue, respectively. In order to
avoid data contamination and for ease of counting tracer after trapping, sediment and egg
tracer placed at depth in the mid and upper foreshore on October 14 were dyed green and
red, respectively. Approximately nine kilograms of the dyed sediment and 400,000 dyed
horseshoe crab eggs were well mixed and injected into both plots in the foreshore.
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Figure 3.3 Field deployment showing location of instruments, tracer plots and upper
swash limit on October 12 and October 14, 2007.

On October 12 tracer was injected within a plot 0.10 m deep, 0.75 m long and
0.12 m wide located 13m from the dune crest on the mid-foreshore and within a plot 0.10
m deep, 0.75 m long and 0.12 m wide that was located 9 m from the dune crest on the
upper foreshore. On October 14, tracer was injected within a plot 0.08 m deep, 0.5 m
long and 0.175 m wide located 15m from the dune crest on the mid-foreshore and within
a plot 0.08 m deep, 0.72 m long and 0.16 m wide located 12m from the dune crest on the
upper foreshore (Figure 3.3).
Quantities of eggs and sediment tracer as well as the total sediment load
transported in the swash were measured by deploying streamer traps in the swash from
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mid rising tide to mid falling tide on both days. Streamer traps are hydraulically efficient
and have been used to provide reliable estimates of sediment flux in the surf and swash
zones (Kraus and Dean, 1987; Masselink and Hughes, 1998; Wang et al., 1998). The
advantages and limitations of streamer traps relative to alternative techniques for
estimating sediment transport are discussed in Wang et al. (1998). The mean error of this
kind of trap is calculated as 10%, with a standard deviation of 9%, based on differences
in trap weights of side-by-side duplicate measurements (Edwards, 1997). The traps used
in this study have a 0.1 m wide, 0.8 m high opening enabling sampling of the entire water
column in the swash.
A single swash event is comprised of an uprush and backwash. The uprush begins
right after wave breaking and ends at its upper landward limit. The backwash begins
slightly before the uprush travels to its uppermost landward limit and ends upon the
arrival of the next uprush. Traps were held perpendicular to swash flow and deployed just
prior to arrival of the uprush and subsequent backwash. Trapping began as soon as the
first swash came into contact with the mid-foreshore tracer plot, continued until both mid
and upper foreshore tracer plots were inundated by the swash, and ended after the upper
limit of swash fell just below the mid-foreshore tracer plot. Trap samples were typically
taken about once every two minutes, but the interval between sampling was longer if
instrument rigs were being moved to the mid or upper foreshore location or instrument
probes that became buried in the sand were being adjusted to an appropriate position
above the bed. An attempt was made to gather trap samples at the mid swash position in
order to ensure that measurements of tracer and total load represented transport primarily
due to swash flows, and were not influenced to a great degree by turbulence due to wave
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breaking. However, variation in heights of individual waves breaking on the foreshore
cause differences in the widths of swash events, making it difficult to anticipate the actual
position of mid-swash in advance of wave breaking. A total of 55 and 110 swash events
were gathered over the mid-rising tide, high water still stand and mid-falling tide to
ensure comparative samples on October 12 and October 14, 2007, respectively. Egg
tracer, sediment tracer and total sediment load in each trap were washed into a bucket of
water; the water was decanted and wet sediment was transferred into Ziploc bags for
further analysis. Tracer plots were excavated following trapping at low tide by slicing
vertically through the beach matrix. This was done in order to identify the depths to
which sediment had been activated, to ascertain the proportion of buried tracer that
remained in the foreshore and to assess the thickness of the accretion lens ( if any) on top
of the tracer plots.

3.3.2

Deployment of Instruments

Characteristics of waves and those of the swash uprush and backwash were gathered on
the foreshore from mid-rising tide to mid-falling tide on both days. Flow velocities in the
swash were measured with two mini electro-magnetic current meters (Valeport 802) with
a 3.2 cm discus sensor deployed 30 mm above the bed. Water depth in the swash was
measured with two mini-pressure transducers (Druck PDCR1830) co-located with the
current meters but deployed flush with the bed (Figure 3.4). The instruments were
adjusted over the tidal cycle to maintain their elevations relative to the bed. These four
instruments were initially deployed 13 and 15 m from the crest of the dune (Figure 3.3).
The lower pressure transducer and current meter were relocated 4 m landward (11 m
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from the dune crest) on the rising tide and 4 m seaward (15 m from the dune crest) on the
falling tide to maintain their relative position in the swash. A video camera was placed on
the mid-foreshore, oriented perpendicular to the shore, and used to provide data on the
upper limit of wave uprush and backwash, location of wave breaking, duration of uprush
and backwash and width and type of swash events (single or multiple). Data on nonbreaking wave characteristics and bay water levels were gathered using a pressure
transducer located on the low tide terrace 4 m offshore of the break in slope. All
instruments were hardwired to a data logger and sampled at 8 hz over the tidal cycle.
A total of 50 and 110 time series of swash velocities and water depths of each
trapping cycle were generated from the wave and current data for October 12 and
October 14, 2007 respectively. Analysis of swash records proceeded in a number of steps.
The pressure transducer data and current meter data were sampled at a rate of 8 Hz (0.125
s) during the two tidal cycles when monitoring occurred. Data from the datalogger were
extracted and converted from comma separated value (csv) form to be further converted
into usable data sets with the Campbell Scientific datalogger support software, PC208W
v3.01. The support software extracted the raw data as a single file which was separated
into wave and current components. Data extracted from this single file in hourly blocks
was converted into a format that could be manipulated in spreadsheet form. Times of
swash cycles recorded by the video camera were synced with times of wave and swash
data stored in the dataloggers. Off-set values that were ascertained by testing the current
meters in still water before sampling were applied to the raw data before processing.
Time series data on cross shore velocities and water depths were partitioned into
individual swash events and separated into onshore and offshore components of flow. As
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described by Masselink and Hughes (1998), swash velocity measurements were analyzed
such that : (a) the start point of the swash uprush recorded by the flow meter coincides
with the time that the leading edge of the swash uprush passes the instrument; (b) the
time of the point of peak uprush should be one time step after the uprush start; (c) the
peak uprush velocity should be similar to the velocity of the leading edge when the swash
front passes the flow meter and (d) the flow velocity should stop recording data when the
landward edge of the retreating swash move past the flow meter. The beginning and end
of each velocity time series were identified when mean depth was <0.03 m (the lowest
depth that can be recorded by the instrument).

Figure 3.4 Photograph of the instruments deployed in the swash during rising tide on
October 14, 2007.

3.3.3

Topographic Change and Depth of Activation

Topographic change of the foreshore was measured using 1.5 m long, 10 mm diameter
steel rods emplaced across the foreshore at 1 m intervals from the crest of the dune to the
low tide terrace (Figure 3.3). A loose fitting washer was placed over each rod, and net
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change (top of rod to beach surface) and depth of activation (top of rod to washer) were
measured to 0.5 mm during daylight low tide before and after monitoring according to
the procedure described in Greenwood and Hale (1980). Washers were exhumed and
relocated to the surface after each measurement. These rods enable measurement of
changes of the sand surface to within 0.5 mm. Measurements of profile elevation were
made by surveying the top and bottom of each rod using a stadia rod and transit and tied
to a common datum. The position of the step was identified twice each during the rise,
high and falling tide by physically locating the step and estimating the cross-shore
position of the top of the step relative to the survey rods on October 14, 2007. The
position of the step was monitored because it represented the zone of interaction between
the breaking waves and the backwash of the swash and the location of greatest
turbulence. The location of the step provides information on the likelihood of delivery of
gravel to the swash with tidal rise and fall. Two bulk sediment samples were gathered to
a depth of 0.10 m at 13 and 15 m from the dune crest to identify characteristics of the
beach prior to performing trapping experiments on October 12, 2007.
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3.4

Variables

The following section describes variables that were analyzed in order to relate wave and
swash characteristics to (a) horseshoe crab egg and sediment tracer exhumed and
transported on October 12 and October 14, 2007; and (b) textural changes of sediment
trapped across the foreshore over the tidal cycle on October 14, 2007.

3.4.1

Tidal Stage

Tidal stage determines the width of the foreshore that will be reworked, the distribution
of wave energy across the foreshore and the location where sediment and eggs can be
entrained. The stage of the tidal cycle (rise, high, fall) and height of the tide was
determined by averaging five minute pressure transducer data gathered on the low tide
terrace (Figure 3.3)

3.4.2

Wind Speed and Direction

Wind speed and direction provide information on the potential for wave generation and
the heights of locally generated waves. Fastest six minute wind speeds and six minute
modal directions gathered from the Brandywine Shoal Light meteorological station in
Delaware Bay were used to determine conditions at the field site.
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Table 3.1 Variable identification and method of determination.
Variable
Offshore water depth (m)
Wind speed (m s-1) and direction (°)
Wave height (m) and period (s)

Swash duration (s)
Swash velocity (m/s)
Bed shear stress (N m-2)
Swash depth (m)
Swash width (m)
Skewness of cross-shore flows
Uprush backwash interaction
Fall velocity (m s-1) of horseshoe crab
eggs
Fall velocity (m s-1) of sediment
Quantities of total load trapped in the
swash (kg m-1)
Quantities of egg tracer trapped in the
swash

Method of Determination
Five-minute average of pressure transducer data on the low tide terrace gathered during the tidal cycle
Fastest six minute wind speeds and six minute modal directions were gathered from the Brandywine Shoal Light meteorological
station
Significant wave height determined from the equation Hs = 4ησ using 17.1-minute time series of the pressure transducer data gathered
on the low tide terrace over the tidal cycle.
Wave period determined by spectral analysis of the 17.1 minute time series of the pressure transducer data gathered on the low tide
terrace over the tidal cycle.
Video records were used to assess start and stop times of uprush and backwash events.
Cross shore and longshore velocity time series data gathered from current meters located in the mid and upper swash over the tidal
cycle.
Calculated using the quadratic friction formula τ = ½ρ f u2.
Averaging of pressure transducer data in the uprush and backwash on the mid and upper foreshore over the tidal cycle.
Location of start and end of the uprush, and start and end of the backwash from video records.
usk = <u3>/< u2>1.5 for skewness.
Location of interaction on foreshore estimated from video records.
Length and duration of fall of egg in settling tube
Equations proposed by Hallermeier (1981)
Weighed on scale after drying.
Direct counts by hand in each sample trapped in the uprush and backwash.

Quantities of sediment tracer trapped
in the swash
Textural properties of sediment (mm,
phi)

Counts using clicker counter device under UV lamp in a dark room.

Net change (m)

Subtracting the surface elevation measured at each depth of activation rod at low tide after trapping with the surface elevation
measured at the previous low tide
Subtracting the depth of the buried washer at low tide after trapping with the surface elevation measured at the previous low tide

Depth of activation (m)
Beach profile

Sediments washed, dried and sieved to 0.25 ϕ intervals.

Difference between the elevation of the top of each depth of activation rod and the elevation of the datum was calculated and this
value was added to each subsequent elevation measurement across the foreshore in order to tie each profile measurement to the
common datum.
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3.4.3

Wave Height and Period

Significant wave heights, defined as the mean of the highest one-third of all the waves in
the record, were determined from Hs = 4ησ, where ησ is the standard deviation of the
water surface elevation record. Wave heights were calculated from 17.1-min time series
of the pressure transducer data recorded on the low tide terrace. Wave height at breaking
on the foreshore was determined from the procedure of Goda (1970) using data from the
pressure transducer on the low tide terrace.
Spectral analysis was used to determine the peak wave period for each of the 17.1
minute records. The Matlab signal processing toolbox was used to split the frequency
range of 8192 points into 512 bins with 50% overlapping. A spectrum of each segment
was computed by detrending (subtracting the means or the best-fit line) the time series so
that fluctuations in the time series could be analyzed. The resulting spectrum generated
by Matlab provides the distribution of the spectral energy against the wave frequency or
amplitude. The peak wave period is identified as the period corresponding to the
frequency band with the maximum value of spectral density in the non-directional wave
spectrum.

3.4.4

Swash Characteristics

The following variables were assessed to describe swash characteristics over the tidal
cycle.

Swash Duration
Durations of the uprush and backwash for each swash event were measured from video
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records in order to determine whether total sediment load transported was more likely to
be transported onshore or offshore. Durations were also important to assess whether the
time taken for a typical swash event to complete was greater or lesser than wave period,
and whether the uprush or backwash events were likely to interact with a breaking wave.
A typical uprush start time occurred right after wave breaking and ended at the uppermost
location of the uprush excursion. A backwash start time was indicated by observing when
the flows reversed on the foreshore and end time occurred at the arrival of the next wave.

Swash Velocity
Cross shore and longshore velocity time series data was used to determine mean and
maximum velocities of the uprushes and backwashes in each trapping cycle. Velocities in
the uprush and backwash were calculated for each swash event to provide data on the
potential for different sediment sizes to be entrained. Mean velocities were calculated to
provide information on the mean sizes in transport during an uprush or backwash event
whereas the maximum flow velocities were calculated to provide an estimate of the
largest particles that will be transported in the uprush and backwash.

Bed Shear Stress
Bed shear stress and critical shear stress were calculated for uprush and backwash during
individual swash events to assess the potential for entrainment of the sand and gravel
population. Bed shear stresses (τ) in the uprush and backwash were calculated based on
the quadratic friction formula
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τ = ½ρ f u2

(3.1)

where ρ = density of bay water ( 998.36 kg m-3) , u is the fluid velocity and f is a friction
coefficient calculated using Swart’s (1974) formulation

f = exp [5.213 ( 2.5 D50) 0.194 - 5.977]
â

(3.2)

where â is the peak wave orbital excursion given by = T û/ 2Π, T is the wave period and
û is the peak flow velocity. Critical shear stresses were calculated based on the methods
of Soulsby (1997). The critical bed shear stress is calculated by the formula

τ cr = ( θcr ) * g (ρs- ρ) d

(3.3)

and the threshold Shields parameter θcr was calculated using the formula

θcr =

0.30___ + 0.055 [ 1- exp ( - 0.020 D*) ]
1 + 1.2 D*

(3.4)

where D* = the dimensionless grain size given by
D* = [ g (s – 1) ]1/3 d
ʋ2

(3.5)

where g is the acceleration due to gravity = 9.81 m s-1, s = ρs/ρ is the ratio of the
grain density to the bay water density, d is the grain diameter and ʋ is the kinematic
viscosity of bay water. Since the bed is sloping, gravity provides a component of force on

51
sediment grains that may increase the critical shear stress required from the flow during
the uprush and decrease the critical shear stress in the backwash flow. In order to account
for the slope, a modified critical shear stress is calculated for the uprush by

τ βcr = sin(φ i + β)
τ cr
sin φ i

(3.6)

τ βcr = sin(φ i - β)
τ cr
sin φ i

(3.7)

and for the backwash by

where (φ i is the friction angle of the sediment (φ i = 32.2 degrees), β is the beach
angle (β = 6 degrees). The ratio τ/τcr was calculated to compare the potential for sediment
transport by uprush and backwash flows.

Swash Depth
Water depths in each of the uprush and backwashes lens were determined by averaging
water surface elevation for each of the swash events from the pressure transducer data.
Swash depths provide an estimate of the heights to which the sediment particles were
entrained and suspended due to flows.

Swash Width
Maximum runup location and widths of uprush and backwash were determined for each
swash trapping cycle from video records that helped determine the area over which sand
and gravel had been entrained and transported on the foreshore.
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Skewness of Cross-shore Flows
The skewness was estimated to assess the degree of asymmetry in swash flows. The
cross-shore velocity time series was used to calculate the skewness using the equation
usk = <u3>/< u2>1.5

(3.8)

where <u> is the mean flow velocity and the brackets denote time-averaging (Masselink
and Russell, 2006).

Uprush-Backwash Interaction
Video records and depth of activation rods placed across the foreshore at 1m intervals
adjacent to the tracer plots were used as markers to determine the location on the profile
where an uprush met the backwash of a preceding swash cycle. Interaction of successive
swash events may enhance sediment suspension in the swash, contributing to gravel
movement.

3.4.5

Fall Velocity of Horseshoe Crab Eggs and Sediment

The fall velocity of horseshoe crab eggs of size 1.6 mm was determined by using a
settling tube. The fall velocity of sediment of size 2 mm (transition from sand to
granules) in baywater was calculated according to the equations proposed by Hallermeier
(1981). In order to calculate the fall velocity, the grain buoyancy (A) needs to be
calculated using the equation:
A = ρs – ρ g M d 3
ρ ʋ2

(3.9)
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where ρs = sediment density, ρ= fluid density, ʋ= fluid kinematic viscosity, and Md is the
median grain size diameter.

The fall velocity was thus calculated using the quation
Vf = = [ρs – ρ g M3d] 0.7 Md 1.1
ρ _ ___________
6 ʋ0.4

(3.10)

Comparison of the fall velocity of eggs and sediment in swash flows provides
information on the likelihood that eggs or sediment will remain in suspension and be
transported onshore or offshore.

3.4.6

Quantities of Total Load Trapped in the Swash

Total load of sediment trapped in streamer traps were weighed after air drying to obtain
dry weights. Dry weights were converted to immersed weights to represent total load
trapped in the uprush and backwash per m-1 of horizontal beach width. Total load data
transported over each swash event provides an estimate of the net direction of sediment
transport and helps ascertain whether different areas of the foreshore underwent erosion
or accretion.

3.4.7

Quantities of Tracer Trapped in the Swash

Material in traps was spread on a fine mesh screen and counts of eggs transported from
the mid and upper foreshore tracer plots were made by hand. Counts of eggs trapped in
each of the uprush and backwashes were converted to weights trapped in the uprush and
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backwash per m-1 of horizontal beach width.
In order to assess quantities of sediment tracer trapped in the uprush and
backwash, total load samples were air dried and then transferred on to a cardboard sheet
with a dark background. Direct counts of sediment tracer (orange and green tracer from
the mid-foreshore tracer plot and blue and pink tracer from the upper foreshore tracer
plot) were made using a clicker counter device under an ultraviolet lamp in a dark room.
Counts of sediment tracer were converted to immersed weights to represent total
sediment tracer trapped in the uprush and backwash per m-1 of horizontal beach width.

3.4.8

Textural Properties of Sediment

Surface sediment samples and those trapped at different stages of the tide were subjected
to grain size analysis. Samples were washed to remove organic material, dried in an oven,
weighed to the nearest 0.001 g and sieved at 0.25 ϕ intervals. The sediment from -4 ϕ
through 2 ϕ was hand-sieved and weighed at 0.25 ϕ intervals. A sonic sifter separator was
set for 2 minute intervals to sieve sediment between -1.5 to 4 ϕ. The size classes
commonly used in geology are phi values, which is a logarithmic scale that makes it
easier to compare a wide range of sediment sizes. Gravel is considered any sediment that
is equal to or larger than -2 ϕ; granules fall between -2 and -1 ϕ, while sand is between -1
and 4 ϕ (Table 3.1). Sieved sediment from each size fraction was weighed and recorded
to the nearest 0.001 g. Mean, sorting, skewness and kurtosis were calculated using
inclusive method of moments (Krumbein and Pettijohn, 1938). Roundness and sphericity
of the gravel fraction of all trap samples were estimated visually using Powers (1953)
criteria.
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3.4.9

Net Change and Depth of Activation

Change in elevation across the foreshore was determined by subtracting the surface
elevation measured at each rod after trapping with the surface elevation measured at the
previous low tide, so that positive values indicate accretion and negative values indicate
erosion. The depths of sediment activation were calculated by subtracting the depths of
the buried washer with surface elevation recorded at the low tide of the previous day.

3.4.10 Beach Profile
The difference between the elevation of the top of each rod and the elevation of the
datum was calculated and this value was added to each subsequent elevation
measurement in order to tie each profile measurement to the common datum. Variability
on the beach profile was compared before and after trapping to determine amount and
location of topographic change.

3.5

Data Analysis

Analysis to Explain Textural Changes Occurring on the Foreshore on October 14, 2007
A total of 25 sets of uprush and backwash samples of the 110 sets gathered on October 14
were analyzed to represent conditions when both traps were successfully placed at the
mid-swash location. Total load representing both bed and suspended sediment trapped
during each swash cycle represents instantaneous transport of material. Analysis of the
hydrodynamic conditions and sediment characteristics in traps over different stages of the
tidal cycle provide insight to the processes responsible for mobilization of sediment from
the upper and mid-foreshore in the uprush and backwash. Since total load in the traps
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represent material that has been transported instantaneously over individual swash events,
swash characteristics during the uprush and backwash of individual events were used to
explain changes in the availability of sand and gravel across the foreshore over the tidal
cycle. The paired two sample t-test was used to determine significant differences in
uprush and backwash flow characteristics. The two sample t-test was used to test for
differences in the percent gravel trapped during the rising versus falling tide for both the
uprush and backwash samples. Bed shear stress and critical shear stress were calculated
for uprush and backwash during individual swash events to assess the potential for
entrainment of the gravel population using the procedure of Soulsby and Whitehouse
(1997) and modified for a sloping bed as presented in Soulsby (1997).

Analysis to Explain Tracer Exhumation and Transport
Data from trapping experiments were analyzed to test if (a) wave breaking and processes
in the lower swash zone at the location of the mid-foreshore tracer plot exhumed and
transported greater number of eggs during rising and falling stages of the tide, and (b)
quantities entrained during high water in the swash from the upper foreshore tracer
location were greater than those entrained by wave breaking. Egg and sediment tracer
trapped in each of the uprush and backwash of individual swash events may consist of
material that has either been (a) locally entrained by flows while the traps are being
deployed during sampling, or (b) reworked by prior swash events, or both (a) and (b).
Therefore, tracer trapped during sampling cannot be related to instantaneous wave and
swash parameters. Since samples were gathered every 2-10 minutes, it becomes
important to understand complex processes associated with waves and swash occurring
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between the sampling periods that also contribute equally to exhumation and transport of
tracer over time periods longer than individual swash events. Therefore, characteristics of
the swash (velocities, duration, depths, shear stresses and skewness) were averaged over
five minute time intervals. Five minute averages of swash characteristics in the uprush
and backwash were calculated by following a series of steps. After applying necessary
calibration values and offsets, any spurious data points and flow velocity measurements
that registered a reading in water depths less than 0.041 m were eliminated. This was
done because the instruments only recorded valid measurements in water depths of 0.041
m. The five minute cross-shore velocity records were then separated into positive and
negative flow velocity measurements representing onshore and offshore components of
the flow respectively. Five minute longshore velocity records were averaged to provide
an estimate of the strength of flows moving along the shoreline in the direction of
dominant winds. A positive value represented flows that were moving northward whereas
a negative value represented flows that were moving southward. Mean depths were
calculated by averaging the pressure transducer records obtained concurrent to five
minute cross-shore velocity records. Skewness values were calculated from mean crossshore flows averaged over five minutes. Durations and widths were estimated by
averaging 5-minute data gathered from the video records.
Time averaged swash characteristics were compared over the rising, high and
falling stages of the tide to describe exhumation and transport of egg and sediment tracer.
A Wilcoxon signed rank test was used to compare differences in swash characteristics as
well as quantities of egg tracer trapped in the uprush relative to the backwash over
different stages of the tidal cycle. Multiple regression analysis was performed on the time
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averaged cross-shore and longshore velocity data from the two current meters in the
swash zone and the sediment and egg tracer trapped over the tidal cycle to determine
statistically significant relationships between characteristics of the uprush and backwash
and quantities of tracer.

CHAPTER 4
RESULTS

4.1

Overview

The results of the field investigations performed on October 12, 2007 and October 14,
2007 are presented in this chapter. Section 4.2 discusses the wind and wave
characteristics that influenced swash processes over the two tidal cycles when trapping
occurred. The associated changes in the elevation of the foreshore and depths to which
sediment were activated across the foreshore are also discussed. Section 4.3 discusses the
characteristics of sediment in transport across the foreshore spanning mid-rising to midfalling tide on October 14. Conditions in the swash that distinguish transport of the gravel
fraction relative to the sand fraction are provided. Section 4.4 describes the timing and
quantities of horseshoe crab egg and sediment tracer exhumation from two locations in
the foreshore over two tidal cycles and relates them to wave and swash processes.

4.2

Wind and Wave Characteristics

Figures 4.1 and 4.2 presents wind data recorded every six minutes over the tidal cycle on
October 12, 2007 (A) and October 14, 2007 (B) at Brandywine Shoal Light’s
meteorological station in Delaware Bay (NOAA, 2007). On October 12, dominant winds
approached the field site in an alongshore direction from the northwest during all stages
of the tidal cycle. Wind speeds were high (16 ms-1) and did not vary over the tidal cycle
(Figure 4.1).
Wind data from the meteorological station at Brandywine Shoal Light reveal that
storm conditions prevailed from noon on October 11 until the end of monitoring on
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October 12. Winds approached perpendicular to the shoreline (from the west)
during monitoring on October 14. Wind speeds recorded over the tidal cycle ranged from
5 ms-1 to 7 ms-1 (Figure 4.2).
The change in wave height and period and magnitude and distribution of wave
energy over the tidal cycle on October 12 and October 14, 2007 is presented in Figures
4.3 and 4.3. Highest significant wave heights on the low tide terrace on October 12 were
0.77 m during high tide with peak wave periods of 4.8 s. Calculated breaking wave
heights on October 12 were 0.65 m when the first of the 55 sets of samples were gathered
(07:44), reached 1.11 m at high water and decreased to 0.43 m when the final samples
were gathered (12:17).
Significant wave heights on the low tide terrace on October 14 ranged from 0.300.47 m over the tidal cycle, and peak wave period was 3.4 s during high tide. On October
14, calculated breaking wave heights on the foreshore were 0.49 m when the first of the
110 sets of samples were gathered (08:55), reached 0.64 m at high water and decreased to
0.43 m when the final samples were gathered (13:24). Data reveal that energy is
concentrated at the incident frequency for waves generated by local winds in the estuary
on both days (Figures 4.3 and 4.4). Long period waves are absent from the water surface
elevation records, suggesting that locally generated waves were the primary source of
energy influencing sediment transport processes.
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Figure 4.1 Data on wind direction (A) and wind speed (B) recorded every six minutes
over the tidal cycle on October 12, 2007 at Brandywine Shoal Light’s weather station.
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Figure 4.2 Data on wind direction (A) and wind speed (B) recorded every six minutes
over the tidal cycle on October 14, 2007 at Brandywine Shoal Light’s weather station.
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Figure 4.3 Energy spectra, significant wave height and peak period during rising, high
and falling tide from data gathered on the low tide terrace on October 12, 2007.
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Figure 4.4 Energy spectra, significant wave height and peak period during rising, high
and falling tide from data gathered on the low tide terrace on October 14, 2007.
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Foreshore Conditions
This section describes topographic variability across the foreshore on October 12 and
October 14, 2007 measured at low tide before and after sampling. Knowledge of regions
across the foreshore that underwent erosion or accretion reveals the potential for
horseshoe crab egs and sediment tracer to be exhumed over the tidal cycle
Depth of sediment activation on October 12 (Figure 4.5) reveals that sediment was
reworked to a depth of 0.11 m between 18 to 19 m from the dune crest in the region of
wave breaking. Similar depths of activation were observed at a location 15 m from the
dune crest when waves reworked sediment at this location during mid-rising tide and
mid-falling tide. These values of depth of sediment disturbance are typically observed
when significant wave heights exceed 0.5 to 0.6 m and onshore wind speeds are greater
than 12 m s-1 (Jackson and Nordstrom, 1993).
In comparison, the region of the foreshore influenced by swash processes alone (6
to 13 m from the dune crest was reworked to depths less than 0.018 m. Minimal (< 0.014
m) to no net change occurred in the region of the foreshore 15 to 20 m from the dune
crest where greatest depths of activation occurred over the tidal cycle. Significant
accretion (0.04 to 0.06 m) occurred on the foreshore 7 to 12 m from the dune crest by
swash processes alone over the tidal cycle. Deposition (0.03 to 0.04 m) occurred bayward
of the break in slope. The region where the mid-foreshore tracer plot was located
underwent minimal depths of reworking (0.018m) by wave breaking during high water,
and approximately 0.03 m of accretion occurred over the tidal cycle. The upper foreshore
tracer plot location has minimal (< 1 mm) depths of activation even though it was
activated by swash process for longer periods of time during trapping compared to the
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mid-foreshore tracer plot that was reworked by wave breaking during the latter part of the
rising and falling tide. The upper foreshore tracer plot was buried under an accretionary
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layer of sediment approximately 0.056 m in height (Figure 4.5).
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Figure 4.5 Profile showing position of the upper limit of swash, zone of highest wave
breaking and location of tracer plots (A), and the depth of sediment activation and net
change in surface elevation after trapping on October 12, 2007 (B).

Data from October 14, 2007 reveal that greatest depths of activation (0.067 to
0.092 m) occurred between 14 and 18 m from the dune crest in the region of wave
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breaking during sampling (Figure 4.6). Sediment at the location of the mid-foreshore plot
(15 m from the dune crest) was reworked up to 0.05 m, meaning that egg and sediment
tracer up to this depth had the potential to be exhumed or reburied by waves. In contrast,
waves breaking 1 to 2 m bayward of the upper foreshore plot at high water had relatively
high depths of activation (0.068 m). Sediment at the location of the upper foreshore tracer
plot (12 m from the dune crest) were reworked to lower depths (0.013 m) by swash
processes only. The mid-foreshore location has greater depths of activation values
because this region was influenced by wave breaking on both the rise and fall of the tide
for longer periods of time whereas the upper foreshore location was influenced by swash
flows only from mid-rising to mid-falling stages of the tide. Minimal (<0.02 m) to no net
change in surface elevation was observed across the foreshore. The greatest net change in
the region where sediment activation depths were great (17 m from the dune crest) was <
0.015 m.

Elevation relative to dune crest (m)
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Figure 4.6 Profile showing position of the upper limit of swash, zone of highest wave
breaking and location of tracer plots (A), and the depth of sediment activation and net
change in surface elevation after trapping on October 14, 2007 (B).
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4.3

Characteristics of Sediment in Transport in the Swash Zone

The focus of this section is on the changes in textural properties of sediment in the uprush
and backwash of individual swash events over a tidal cycle and how these changes relate
to tidal stage, wave characteristics, and velocities in the swash zone. A total of 25 sets of
uprush and backwash samples of the 110 sets gathered on October 14, 2007 were used in
this analysis to represent conditions when both traps were successfully placed at the midswash location (Figure 4.7). A process explanation of conditions in the swash that
distinguishes transport of the gravel fraction relative to the sand fraction, with
implications for the cross shore grading of sediment on the foreshore is also provided.
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Figure 4.7 Trap sampling times during the tidal cycle on October 14, 2007.

4.3.1

Swash Characteristics

This section describes swash flow characteristics that were responsible for changes in
textural properties of individual swash events over the rising, high and falling stages of
the tidal cycle.
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Time series data of individual swash events reveal that onshore flows increased
almost instantaneously from zero to its maximum velocity after the arrival of the leading
edge of the swash lens and subsequently decreased to zero for the remainder of the
uprush. During the backwash, velocities of flows moving offshore increased steadily
from zero to its maximum towards the end of the backwash and dropped rapidly to zero
as the water levels decreased at the end of the swash event. Figure 4.8 summarizes
properties of flow in the uprush and backwash during each of the 25 swash events.
Maximum flow velocities ranged from 0.14 to 1.51 m s-1 in the uprush and 0.25 to 1.39 m
s-1 in the backwash. Maximum and mean backwash velocities were generally greater than
the uprush for individual swash events. Uprush depths were significantly greater than
those in the backwash during all stages of the tide (t =7.36, df = 23, p = 0). Uprush
duration ranged from 1.0 to 2.8 s; backwash duration ranged from 1.79 to 4.1 s. A paired
t test revealed that uprush duration was significantly shorter than backwash duration (t = 6.59, df= 23, p = 0). Swash duration was greater than wave period, resulting in
interaction of the backwash of a previous swash event with the subsequent uprush.
Interaction occurred at the base of the swash for all but one of the swash events
monitored and could have accounted for the lower mean uprush velocities.
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Figure 4.8 Maximum and mean cross-shore velocity, mean depth and duration in the
uprush and backwash for twenty-five swash events on October 14, 2007.

4.3.2

Position of Beach Step

The location of the beach step relative to wave breaking was noted in order to provide an
explanation for textural changes in sediment trapped during sampling over the tidal cycle
on October 14, 2007. The beach step was 3 m landward of the break in slope at 10:00 and
migrated 0.7 m landward by 10:37 (Figure 4.9). The step remained about 4.5 m landward
of the break in slope during the relative still stand around high tide (from 11:09 to 11:53).
The step moved bayward during falling tide and was 3.5 m landward of the break in slope
at 12:35 and 3.0 m landward at 1249. Migration of the breakers down the foreshore was

72
faster than step migration during falling tide, with breakers moving 1.1 m from 12:35 to
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Figure 4.9 Profile showing position of beach step over the tidal cycle on October 14,
2007.

4.3.3

Characteristics of Sediment Trapped in the Swash Zone

Textural properties of sediment trapped during 25 individual swash events spanning midrising to mid-falling tide are presented in this section.
The two foreshore sediment samples taken to a depth of 0.10 m prior to trapping
represent the sediment mobilized from these locations and trapped during different stages
of the tidal cycle. These samples had a mean grain size of 0.77ϕ (0.59 mm), a sorting
value of 1.07 ϕ and a gravel fraction of 7.5%. The foreshore was reworked by high
energy waves prior to trapping and foreshore sediment was well mixed, with little gravel
conspicuous on the surface (Figure 4.10).
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Figure 4.10 Frequency distribution plots of sediment sizes taken to a depth of 0.10 m on
the lower and upper foreshore prior to trapping on October 14, 2007.

Sediment trapped in the uprush and backwash comprised medium to coarse sands with a
gravel fraction of granules and pebbles (Figs. 4.11-4.12 and Table 4.1). Granules and
pebbles trapped in the uprush and backwash were observed to have a rounded to well
rounded modal shape with low sphericity. Mean size of sediment trapped in the uprush
and backwash samples became coarser and more poorly sorted over the monitoring
period due to an increase in percent gravel (Table 4.1).
During rising tide (09:16 to 10:27), the average percent gravel in the uprush and
backwash was similar (11 and 13%). The percent gravel in the uprush decreased to 9 %
and increased in the backwash to 18% when the swash zone was located on the upper
foreshore (11:04 to 11:10). When the swash zone was located on the mid-foreshore on
the falling tide (12:34 to 13:12) the average percent gravel in the backwash (30%) was
greater than in the uprush (24%). The difference in percent gravel trapped in the uprush
during the rising tide compared to the falling tide was significant (t = -3.06, df = 9, p =
0.014) and the difference in percent gravel trapped in the backwash during the rising tide
compared to the falling tide was significant (t = -3.25, df = 7, p = 0.014).
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Table 4.1 Characteristics of Sediment Trapped in the Uprush and Backwash over Individual Swash Events during Rise, High and Fall
of the tide on October 14, 2007
Uprush samples
Tide

Rise

High

Fall

Time

9:16
9:29
9:33
9:34
9:37
9:39
9:46
10:09
10:11
10:13
10:17
10:27
10:38
10:46
11:04
11:06
11:10
11:45
12:02
12:29
12:34
12:50
13:01
13:08
13:12

Backwash samples

Mean
(ϕ)

Sorting
(ϕ)

Skewness

(mm)

0.336
0.066
-0.136
-0.280
0.013
-0.148
0.194
0.055
0.196
0.188
-0.335
0.029
-0.420
-0.412
-0.200
0.139
0.048
-1.029
-0.936
-0.715
-1.012
-0.184
-0.516
-0.317
0.088

0.792
0.955
1.099
1.214
0.991
1.108
0.874
0.963
0.873
0.878
1.261
0.980
1.338
1.331
1.149
0.908
0.967
2.041
1.913
1.641
2.017
1.136
1.430
1.246
0.941

0.397
0.870
0.730
0.833
0.805
0.926
0.773
0.880
0.756
0.810
1.017
0.729
1.085
1.005
0.852
0.651
0.785
1.120
0.998
1.023
1.175
0.886
0.993
1.057
0.715

-0.537
-1.572
-1.250
-0.735
-1.161
-1.079
-1.527
-1.504
-1.267
-1.748
-0.739
-1.329
-0.848
-0.860
-1.184
-1.202
-1.794
-0.221
-0.252
-0.717
-0.343
-1.421
-0.864
-0.963
-1.816

Source: Saini et al. (2011), in press.

Kurtosis

6.069
6.565
5.447
3.587
5.472
4.097
7.107
5.933
5.625
7.077
2.869
6.85
3.206
3.318
4.449
7.068
7.949
2.42
2.375
3.021
2.064
4.816
3.107
3.334
7.454

Gravel
(%)

Mean
(ϕ)

Sorting
(ϕ)

Skewness

Kurtosis

(mm)

Gravel
(%)

0.6
9.2
10.8
18.2
9.9
16.1
7.4
11.2
7.6
7.8
25.4
7.3
25.9
24.8
15.4
5.3
7.8
49.8
46.1
33.7
45.8
15.5
27.2
22.2
7.7

-0.307
-0.110
-0.288
-0.219
0.117
-0.063
-0.085
0.430
0.172
0.389
0.035
-0.261
0.314
-0.219
-0.521
-0.166
0.125
-0.163
-0.330
-0.849
-1.313
-0.201
-0.427
-0.392
-0.289

1.237
1.079
1.221
1.164
0.922
1.045
1.061
0.742
0.888
0.764
0.976
1.198
0.804
1.164
1.435
1.122
0.917
1.120
1.257
1.801
2.485
1.149
1.344
1.312
1.222

0.823
0.842
0.883
0.934
0.909
0.961
0.872
0.781
0.966
0.742
1.012
0.686
0.576
0.994
1.182
0.809
0.786
0.810
1.060
1.247
1.392
0.959
0.949
1.229
0.99

-0.989
-1.490
-1.420
-0.865
-1.162
-0.791
-0.876
-1.345
-1.190
-0.866
-2.143
-0.504
-0.830
-1.087
-0.486
-1.101
-0.992
-0.886
-0.683
-0.173
-0.058
-1.167
-0.868
-1.060
-1.005

3.789
5.594
5.129
3.928
5.116
3.79
3.988
6.831
4.373
4.701
8.057
4.322
5.915
3.712
2.371
4.75
5.049
3.963
2.573
1.967
1.902
3.764
3.139
3.579
3.24

17.9
12.8
17.0
17.1
10.3
15.6
14.2
5.3
12.3
6.0
10.4
12.4
3.0
19.6
33.0
12.9
8.4
14.9
26.1
44.9
57.4
18.6
24.9
26.2
22.4
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The frequency distributions of sediment sizes trapped over individual swash events
(Figures 4.11-4.12) reveal the increasing gravel fraction in the uprush and backwash over
time. The distributions for swash events during the rising and high tide (Figures 4.114.12) reveal a primary mode in the coarse sand fraction (0 to 1.0 φ) (0.5 to 1.0 mm) and a
pronounced tail in the gravel fraction (-1.0 to -4.0 φ) (2.0 to 16.0 mm) in both the uprush
and backwash. Sediment during the rising and high tide are moderately to moderately
well sorted. Distribution curves in both the uprush and backwash are mostly negatively
skewed meaning that the mean grain sizes are coarser than the median values. Grain size
distributions are predominantly leptokurtic implying that the central part of the
distribution (sand fraction) is well sorted compared to the tail ends of the distribution
(gravel fraction) (Table 4.1).
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Figure 4.11 Frequency distribution plots of sediment size trapped in the uprush and backwash during rising tide on October 14, 2007.
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Figure 4.12 Frequency distribution plots of sediment size trapped in the uprush and backwash during high and falling tide on October
14, 2007.
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During the early stages of the falling tide (11:45 to 12:34) sediment size distributions in
the uprush and backwash are mesokurtic to platykurtic and poorly sorted (Figure 4.12).
Weakly developed modes are observed in (1) the coarse sand fraction (2), the granule
fraction, and (3) the pebble fraction. Data reveal an increase in the proportion of gravel
trapped in both uprush and backwash during the early stages of the falling tide relative to
the rise and high tide swash events (Table 4.1). This increase in gravel occurred around
the time when breaker migration down the beach was faster than step migration. From
12:50 to 13:12, sediment in the uprush and backwash are moderately sorted, coarse sand.
Modal peaks are once again observable in the sand fraction. Grain size distributions
become more negatively skewed with either mesokurtic or leptokurtic curves.
The potential for swash velocities to move the gravel population was revealed by
comparison of the calculated critical shear stress with the measured bed shear stress in the
uprush and backwash of each swash event at the transition from granules to pebbles using
maximum velocity (Table 4.2), a bed slope of 6° and sediment size of 4 mm. Maximum
velocity was used because it provides an estimate of the greatest likelihood that the
smallest pebbles will be moved. The calculated critical shear stress was 2.21 N m-2 in the
uprush and 4.03 N m-2 in the backwash. Pebbles were trapped in all but one uprush
(09:16) and two backwashes (10:13 and 10:38) (Figure 4.11). Bed shear stresses did not
exceed critical threshold values for seven swash uprushes (09:29, 10:17, 10:27, 10:46,
11:06, 12:50, 13:12) and one backwash (13:12) when pebbles were trapped (Table 4.2).
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Table 4.2 Bed Shear Stresses in the Uprush and Backwash of the Individual Swash
Events. Critical Shear Stress for a 4 mm Size Grain is 2.21 Nm−2 in the Uprush and 4.03
Nm−2 in the Backwash.

Uprush samples Backwash samples
Time Bed shear τ / τcr Bed shear τ / τcr
stress (τ)
stress (τ)
(N m-2)
(N m-2)
9:16
9:29
9:33
9:34
9:37
9:39
9:46
10:09
10:11
10:13
10:17
10:27
10:38
10:46
11:04
11:06
11:10
11:45
12:02
12:29
12:34
12:50
13:01
13:08
13:12

0.91
0.91
28.03
4.54
2.44
5.45
3.43
3.57
3.70
7.08
1.00
1.11
10.80
1.00
12.03
1.46
21.47
12.66
4.99
7.43
7.08
1.37
12.45
4.54
1.98

0.41
0.41
12.68
2.06
1.10
2.46
1.55
1.61
1.67
3.20
0.45
0.50
4.89
0.45
5.44
0.66
9.71
5.73
2.26
3.36
3.20
0.62
5.63
2.06
0.90

7.08
10.01
18.88
14.85
8.32
15.31
14.40
10.80
8.50
10.60
9.62
21.69
21.43
18.39
16.00
24.64
24.37
20.91
7.78
4.99
14.63
4.11
15.08
5.14
3.17

1.76
2.48
4.68
3.68
2.06
3.80
3.57
2.68
2.11
2.63
2.39
5.38
5.32
4.56
3.97
6.11
6.04
5.19
1.93
1.24
3.63
1.02
3.74
1.27
0.79
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4.4

Exhumation and Transport of Egg Tracer, Sediment Tracer and
Total Load by Wave and Swash Processes

This section presents data of five minute time averaged quantities of horseshoe crab egg
tracer, sediment tracer and total load trapped from the mid and upper foreshore in the
uprush and backwash over the rising, high and falling tide on October 12 and October 14,
2007. Time averaged quantities of eggs are presented as kg per m-1 of horizontal beach
width whereas sediment tracer and total load are represented as the immersed weights kg
per m-1 of horizontal beach width. Five minute time averaged swash characteristics that
are responsible for differences in the rates of entrainment and transport of eggs and
sediment tracer are also identified. Data are divided into rising, high and falling stages of
the tide to assess when eggs entrained and transported in the swash were available in
greatest quantities for foraging shorebirds. Also, tidal elevation determined where the
breaker and swash zones were located at different stages of the tide. Therefore, it became
necessary to analyze tracer exhumation and transport relative to stage of the tide.

4.4.1 Spatial and Temporal Trends in Quantities of Eggs, Sediment Tracer and
Total Load Trapped on October 12, 2007
Depth of activation measured adjacent to the mid-foreshore tracer plot location after
monitoring at low tide revealed that approximately 22.5% of the tracer buried at this
location was removed by wave and swash processes (Figure 4.5). Depth of activation
measured adjacent to the upper foreshore plot location revealed that only 5% of the egg
and sediment tracer buried at this location had the potential to be entrained by swash
processes. None of the eggs buried in the mid and upper foreshore tracer plots were
trapped over the tidal cycle. Approximately, 11 grams of the 2 kg of sediment tracer
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(orange tracer) exhumed from the mid-foreshore tracer plot was trapped in the uprush and
backwash over the tidal cycle. In contrast, 0.45 kg of sediment tracer (blue tracer) was
entrained from the upper foreshore tracer plot by swash flows, but only 6 grams of this
material was trapped in the uprush and backwash over the tidal cycle.
A cumulative percent distribution was plotted in order to compare quantities of
sediment tracer trapped from the mid and upper foreshore over the rising, high and falling
stages of the tide (Figure 4.13 A and B). Greater quantities of sediment tracer were
trapped from the mid-foreshore tracer plot in the backwash relative to the uprush during
the rising tide (07:40 to 09:15) (Figure 4.13 B). The bed was observed to undergo erosion
during this time period as was evident in the greater quantities of total load trapped in the
backwash relative to the uprush (Figure 4.15 C). Quantities of sediment tracer trapped in
the uprush and backwash were similar during the high (09:20 to 10:20) and falling tide
(10:25 to 12:15) (Figure 4.13B).
The first traces of sediment tracer from the upper foreshore tracer plot (blue
tracer) were trapped at 08:20 (Figure 4.13A). The quantities of sediment tracer from the
upper foreshore trapped in the uprush during the rising tide (07:40 to 09:15) were greater
than those trapped in the backwash. Tracer quantities trapped from the upper foreshore
tracer plot in the uprush and backwash were comparable during high tide (09:20 to
10:20), but quantities trapped in the backwash exceeded those trapped in the uprush
during falling tide (10:25 to 12:15). Data revealed that quantities of sediment tracer
trapped from the upper foreshore in the uprush during the rising, high and falling stages
of the tide comprised 71%, 24% and 6% respectively. In contrast, sediment tracer trapped
from the upper foreshore in the backwash during the rising, high and falling stages of the
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tide comprised 52%, 28% and 20%, respectively (Figure 4.13A). Explanations for
differences in quantities of sediment tracer exhumed from the mid and upper foreshore
tracer plots are described in the following section.
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Figure 4.13 Cumulative percent distributions of sediment tracer trapped over the tidal
cycle from the upper foreshore tracer plot (A) and mid-foreshore tracer plot on October
12, 2007 (B).
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Swash Characteristics Influencing Transport of Horseshoe Crab Egg and Sediment Tracer
over the Tidal Cycle

Data reveal that time averaged quantities of sediment tracer trapped from the midforeshore tracer plot (orange tracer) during the rising tide between 07:40 and 08:20 were
significantly greater in the backwash compared to the uprush (Wilcoxon signed rank test,
z = 3, p = 0.024, N = 9). Net transport of sediment tracer was directed onshore between
08:25 and 09:15, with significantly greater quantities of tracer trapped in the uprush
compared to the backwash (Wilcoxon signed rank test, z = 65, p = 0.005, N = 11). Waves
broke 2 m bayward of the mid-foreshore tracer plot during the rising tide, and quantities
of sediment tracer trapped were those entrained by swash processes alone (Figure 4.14).
However, it is important to note that sediment tracer from the mid-foreshore (orange
tracer) and upper foreshore tracer plot (blue tracer) observed in traps between the time
periods 07:40 to 09:15 was material that was entrained by swash events of relatively large
widths and transported to the location of the foreshore where trapping occurred (2 m
bayward of the mid-foreshore tracer plot). Measured total load trapped on the midforeshore in the uprush ranged from 1.5 to 118.7 kg m-1 and in the backwash ranged from
0.9 to 49.8 kg m-1 during the rising tide (Figure 4.15C). Total load trapped in the uprush
was significantly greater than in the backwash, implying that net total load transport was
in the onshore direction (Wilcoxon signed rank test, p = 0.000, N = 20).
It is not possible to correlate time averaged swash characteristics with quantities
of sediment tracer in transport during the rising tide because trapping occurred bayward
of the plots and quantities trapped were not those entrained and transport instantaneously
during trapping. Conditions in the swash that led to entrainment of tracer are as follows.
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Swash widths were low between 07:40 and 08:20 when waves broke on the foreshore 17
m from the dune crest, and the upper swash limit was at the location of the mid-foreshore
tracer plot (Figure 4.14). Cross-shore velocities and longshore velocities between 07:40
and 08:20 in the upper swash were low relative to other stages of the tide, and mean
swash depths ranged from 0.05 to 0.07 m. The shear stresses required to mobilize sand
and the smallest granules present on the surface of the bed was 1.29 N m-2 (Figure 4.16).
Bed shear stresses calculated from mean cross-shore flow velocities between 07:40 and
08:20 were therefore observed to be insufficient to mobilize sediment tracer from the
mid-foreshore tracer plot.
Cross-shore flows revealed an increase in mean velocities in an offshore direction,
which could explain the increased exhumation and transport of sediment tracer from the
mid-foreshore in backwash flows between 07:40 and 08:20 (Figure 4.16). Durations of
backwash flows were greater than those in the uprush. As swash widths increased, the
lower swash zone moved to the location of the mid-foreshore tracer plot, and greater
quantities of sediment tracer were entrained from the mid-and upper tracer plot between
08:25 and 09:15. Shear stresses at the bed in the lower swash zone were also greater
between 08:25 and 09:15 compared to those generated at the bed between 07:40 and
08:20 in the upper swash zone, which played an important role in the entrainment of
greater quantities of sediment tracer from the mid-foreshore tracer plot (Figure 4.16).
Instruments were not located in the upper swash between 08:25 and 09:15 close to the
upper foreshore tracer plot, thus bed shear stresses could not be estimated at that location.
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Figure 4.16 Characteristics in the lower swash during the rising tide on October 12,
2007.
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Waves broke at the location of the mid-foreshore tracer plot between 09:20 and 10:20,
and trapping occurred just landward of the plot location (Figure 4.14). Greater quantities
of sediment tracer (orange tracer) were trapped from this location compared to quantities
trapped during the rising tide by swash processes alone (Figure 4.15B). A Wilcoxon
signed rank test revealed significantly greater quantities of sediment tracer transported
from the mid-foreshore tracer plot in the uprush compared to the backwash during high
water (p = 0.023, N=11). Sediment tracer from the upper foreshore (blue tracer) observed
in traps during high water was material that had been exhumed and remobilized during
prior swash events (Figure 4.15A). Quantities of sediment tracer from the upper foreshore
trapped during high water were much lower than those trapped during the rising tide.
Quantities of total load trapped in the uprush and backwash ranged from 17.8 to 79.3 and
13.3 to 50.8 kg m-1 respectively (Figure 4.15C), but a statistically significant difference
between quantities of total load transported during high water in the uprush and
backwash was not observed.
Swash depths in the lower swash zone landward of wave breaking at the location
of the mid-foreshore tracer plot ranged from 0.15 m to 0.18 m during high water, whereas
those in the upper swash zone close to the upper foreshore plot range between 0.07 to
0.08 m (Figure 4.17). Durations of backwash flows were also greater than those in the
uprush. The location of the upper limit of swash was 5 m landward of the dune crest,
putting the upper foreshore tracer plot in the mid-swash region during high water (Figure
4.13).
Negative values of mean cross-shore flows represent flows that were being
directed offshore. Positive values of mean longshore flows suggest that flows were
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moving in a northward direction (Figure 4.17). Data reveal that bed shear stresses in the
lower swash zone calculated from mean cross-shore flows during high water were much
higher than those generated at the bed in the mid-swash region in the vicinity of the upper
foreshore tracer plot (Figure 4.17). While shear stresses in the lower swash zone were
capable of entraining sand and granule size sediment from the mid-foreshore tracer plot,
those generated in the mid-swash did not have the potential to entrain sediment from the
upper part of the beach. This could explain the greater quantities of sediment tracer
trapped from the mid-foreshore (orange tracer) and lower quantities of tracer trapped
from the upper foreshore tracer plot (blue tracer) during high water. Mean longshore
current velocities were observed to be greater in the mid-swash compared to those
observed in the lower swash, suggesting that sediment at the location of the upper
foreshore tracer plot was more likely to move in an alongshore direction (Figure 4.17).
A multiple regression analysis was conducted using quantities of sediment tracer
trapped on the mid-foreshore as a dependant variable and flow characteristics (breaking
wave height, mean cross-shore flow velocity, mean longshore flow velocity, mean
duration, mean depth) measured on the mid-foreshore as independent variables to
produce a model that would best describe tracer transport from that location. Breaking
wave heights at the mid-foreshore between 09:20 and 10:20 did not vary much (1.091.11 m) while trapping occurred, therefore it alone could not explain tracer exhumation
and transport. However, adding swash characteristics to the multiple regression model
revealed that mean cross-shore flow velocities (p = 0.035, r2 = 0.74) and mean longshore
flow velocities (p = 0.008 r2 = 0.74) in the lower swash zone played an important role in
tracer exhumation and transport from the mid-foreshore tracer plot during high water.
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Quantities of sediment tracer trapped in the backwash did not vary significantly over high
water (Figure 4.15B), and wave and swash characteristics were not able to explain
exhumation and transport in offshore moving flows.
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Figure 4.17 Characteristics in the lower and upper swash during high water on October
12, 2007 based on five minute averages.

93
During the falling tide, the zone of wave breaking lies at the location of the mid-foreshore
tracer plot between 10:25 and 11:00, and moves 2 m bayward between 11:10 and 12:10
(Figure 4.14). Quantities of sediment tracer trapped from the mid and upper foreshore
tracer plots were the lowest compared to quantities trapped over the rising and high tide.
A Wilcoxon signed rank test revealed significantly greater quantities of sediment tracer
trapped from the mid-foreshore tracer plot in the uprush compared to the backwash
during the falling tide (p = 0.011, N = 17). Total load immersed weights transported in
the uprush and backwash ranged from 13.6 to 105.4 and 3.4 to 29.4 kg m-1 respectively
(Figure 4.15C), and net direction of total load transport was onshore. Similar to the rising
and high tide, quantities of sediment tracer trapped from the upper foreshore tracer plot
(blue tracer) during the falling tide represented material that was either being entrained
by relatively wide swash widths from the upper foreshore tracer plot, or from locations
across the foreshore where this material had been reworked into foreshore sediment by
swash events over the tidal cycle (Figure 4.15A).
Mean cross-shore flow velocities decreased in the lower swash at the location of
the mid-foreshore tracer plot as mean water depths decreased, but the northward directed
longshore velocities did not vary over the falling tide (Figure 4.18). Mean longshore flow
velocities were lowest during the falling tide compared to other stages of the tide at the
location of the mid-foreshore tracer plot. Data reveal that shear stresses between 10:25
and 11:00 in the lower swash were capable of entraining sediment tracer from the midforeshore tracer plot, but tracer quantities trapped were significantly low compared to
quantities trapped from the same location during rising tide.
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Figure 4.18 Characteristics in the lower swash during the falling tide on October 12,
2007 based on five minute averages.
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4.4.2 Spatial and Temporal Trends in Quantities of Eggs, Sediment Tracer and
Total Load Trapped on October 14, 2007

Depth of activation measurements made after trapping at low tide reveal that
approximately 62% of egg and sediment tracer injected into the mid-foreshore was
activated by waves and swash processes whereas 16% of tracer from the upper foreshore
was entrained by swash processes only (Figure 4.6). Recoveries of egg and sediment
tracer injected into the mid and upper foreshores were higher than those recovered on
October 12, 2007. A total of 1147 eggs (1.15% of total quantities of eggs exhumed from
the mid-foreshore) of the estimated 224000 eggs that were exhumed from the midforeshore plot were trapped in the uprush and backwash over the tidal cycle. In contrast,
only 109 eggs (0.11% of total quantities of eggs entrained from the upper foreshore plot)
of the estimated 100000 eggs entrained from the upper foreshore were trapped in the
uprush and backwash over the tidal cycle. Cumulative percent distributions revealed that
significantly greater quantities of egg tracer were trapped during the rising tide from the
mid and upper foreshore tracer plots (Figures 4.19 A and B).
Greater quantities of sediment tracer were trapped relative to the egg tracer from
the mid and upper foreshore tracer plots. 148 grams (3% of total sediment tracer
exhumed from the mid-foreshore) of the exhumed sediment tracer was trapped in the
uprush and backwash from the mid-foreshore tracer plot. Only 13 grams (0.58% of total
sediment tracer entrained from the upper foreshore plot) of the 2.25 kg of sediment tracer
entrained from the upper foreshore tracer plot by locally generated shear stresses was
trapped in the uprush and backwash over the tidal cycle. Cumulative percent distributions
reveal greatest sediment tracer quantities trapped from the mid and upper foreshore tracer
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plots during the rising tide with predominant onshore transport (Figures 4.20 A and B).
Quantities of sediment tracer trapped decreased during high tide in the uprush and
backwash. An increase in tracer transport was observed during the falling tide with
greater quantities being trapped in the backwash compared to the uprush from both plots
(Figures 4.20 A and B). Egg and sediment tracer recoveries from the upper foreshore
tracer plot were lower compared to those from the mid-foreshore plot because sediment
at that location were activated to lower depths due to swash processes alone whereas
those at the mid-foreshore tracer plot were activated by both wave and swash processes.
Data suggest that egg tracer was dispersed rapidly from the swash zone whereas sediment
tracer remained to be transported by wave and swash processes over the tidal cycle.
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Figure 4.19 Cumulative percent distributions of egg tracer trapped from the upper
foreshore tracer plot (A) and mid-foreshore tracer plot (B) over the tidal cycle.
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Swash Characteristics Influencing Horseshoe Crab Egg and Sediment Tracer Transport
Over the Tidal Cycle on October 14, 2007
Exhumation and transport of tracer (green eggs and sediment) from the mid-foreshore
tracer plot was initiated at 09:00 during the rising tide when sediment at that location was
activated by the first few swash events (Figures 4.21 A and B). Shear stresses at the bed
at the beginning of trapping (09:00 to 09:15) could not be calculated because the
instruments located 15 m from the dune crest at that time were not recording
measurements in sufficient depths of water (< 0.03 m). Quantities of egg and sediment
tracer trapped between 09:00 and 09:15 on the mid-foreshore represent the lowest
quantities of material trapped over the tidal cycle (Figures 4.22 and 4.23).
Data reveal an increase in the quantities of tracer (green eggs and sediment)
trapped at the mid-foreshore between 09:20 and 10:15 when waves broke just bayward of
the mid-foreshore tracer plot (Figures 4.22 and 4.23). Significantly greater quantities of
sediment tracer were trapped in the uprush compared to the backwash between 09:20 and
10:15 (Wilcoxon signed rank test, z = 65, p = 0.005, N = 11). Significantly greater
quantities of egg tracer were also trapped in the uprush compared to the backwash from
the mid-foreshore (Wilcoxon signed rank test, z = 19.5, p = 0.075, N = 6). The
net immersed weight sediment transport was in the onshore direction, with uprush
immersed weights ranging between 8.1 to 35.2 kg m-1 and backwash immersed weights
ranging from 3.2 to 16.6 kg m-1.
Entrainment and transport of egg and sediment tracer from the upper foreshore
(red tracer) occurred by swash flows at 09:25 (Figures 4.22 and 4.23). Trapping took
place on the mid-foreshore approximately 15 m from the dune crest between 09:20 and
10:15 (Figure 4.21), and red tracer from the upper foreshore tracer plot observed in traps
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between this time period represented material that has been entrained by swash events of
relatively long widths and transported to the mid-foreshore. A Wilcoxon signed rank test
revealed transport of significantly greater quantities of sediment tracer trapped from the
upper foreshore in the uprush compared to the backwash between 09:20 and 10:15 (z =
36, p = 0.014, N = 8), but the quantities of eggs in transport were similar.
Swash flow characteristics measured in the lower swash zone at the location of
the mid-foreshore tracer plot during trapping between 09:20 and 10:15 are reported in
Figure 4.24. The dotted lines represent events when swash characteristics between the
uprush and backwash represent a 1:1 relationship. Bed shear stresses required to mobilize
sand and the smallest granules were 0.88 N m-2 and 1.60 N m-2 in the uprush and
backwash respectively. Shear stresses were observed to be significantly greater in the
backwash than those in the uprush (Wilcoxon signed rank test, z = 0, p = 0.003, N = 12).
Mean uprush depths were greater than those in the backwash, but a statistically
significant difference was not observed. Maximum velocities over 5 min intervals ranged
from 0.81 to 2.46 ms-1 in the uprush and 0.91 to 1.89 ms-1 in the backwash. Durations in
the backwash were observed to be significantly greater than those in the uprush
(Wilcoxon signed rank test, z = 0, p = 0.003, N = 12). Cross-shore velocity skewness (0.93 to -1.46) values calculated from mean flows were negative values, suggesting that
mean flows between 09:20 and 10:15 were skewed offshore.
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between 09:20 and 10:15 on October 14, 2007 based on five minute averages.
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Flow characteristics in the upper swash zone at the location of the upper foreshore tracer
plot between 09:20 and 10:15 cannot be directly correlated with quantities of egg and
sediment tracer (red tracer) trapped at the mid-foreshore, but need to be identified in
order to understand conditions that were responsible for entrainment of red tracer from
that location. Mean bed shear stresses were observed to be significantly greater in the
backwash than those in the uprush (Wilcoxon signed rank test, z = 0, p = 0.014, N = 8),
however shear stresses in both onshore and offshore flows in the upper swash did not
have the potential to entrain sand and granules present at that location (Figure 4.24 F).
Mean uprush and backwash depths were similar. Maximum velocities were also similar
in the uprush and backwash in the upper swash zone. Negative skewness (-0.62 to -0.91)
values reveal that mean flows were also skewed offshore in the upper swash zone.
The measured bed shear stresses in the lower swash zone were greater than those
in the upper swash between 09:20 and 10:15 (Figures. 4.24 C and F) which could explain
why more tracer was trapped from the mid-foreshore plot than the upper foreshore tracer
plot (Figure 4.23 A and B). A multiple regression analysis was conducted using
quantities of egg and sediment tracer trapped on the mid-foreshore as dependant variables
and breaking wave height, mean shear stress, maximum velocity, mean duration, mean
depth measured on the mid-foreshore as independent variables. Data analysis revealed
that breaking wave heights (p = 0.016, r2 = 0.92) were most responsible for exhuming
increasing quantities of sediment tracer from the mid-foreshore tracer plot between 09:20
and 10:15 and transporting them onshore. Depths (p = 0.008, r2 = 0.83) and maximum
velocities (p = 0.012, r2 = 0.83) of backwash flows were strong predictors of sediment
transport in the backwash. This implies that greater quantities of sediment tracer are
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entrained and transported offshore as backwash depths increase, and an increase in peak
flow velocities in the backwash will increase the likelihood of sediment tracer moving
offshore. Quantities of egg tracer trapped on the mid-foreshore were low (Figure 4.22B),
and data were not sufficient to produce a statistically significant relationship between
quantities of egg tracer exhumed and swash processes. However, peaks in quantities of
egg tracer trapped coincide with those of the sediment tracer, suggesting that waves were
the primary mechanism responsible for exhuming egg tracer from the mid-foreshore and
transporting them onshore (Figures 4.22 and 4.23).
The zone of wave breaking moved closer to the upper foreshore tracer plot
between 10:20 and 11:00, positioning the lower swash zone just bayward of the plot
location (Figure 4.21). A comparison revealed greater bed shear stresses between 10:20
and 11:00 in the lower swash zone relative to those generated in the upper swash between
09:20 and 10:15. An increase in the entrainment and transport of sediment tracer from the
upper foreshore (red tracer) maybe attributed to the increase in the shear stresses
generated by swash flows. A single peak in egg entrainment and transport is observed
between this time period. Waves broke just landward of the upper foreshore tracer plot
between 11:00 and 11:55 during the high water still stand (Figure 4.21). No egg tracer
was trapped between this time period even though waves broke closest to the upper
foreshore tracer plot relative to other time periods over the tidal cycle (Figure 4.22).
Quantities of sediment tracer trapped in the uprush and backwash also did not vary with
changes in flow characteristics in the uprush and backwash. The early part of the falling
tide (10:20 to 12:40) when waves broke approximately 14 m landward of the dune crest
and the upper swash was at the location of the upper foreshore tracer plot was also not
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associated with an increase in quantities of tracer trapped from the upper foreshore tracer
plot (Figure 4.23 A). Data reveal that the quantities of sediment tracer in transport
between 10:20 and 12:40 were controlled primarily by the quantities of total load in
transport. A least squares analysis revealed that the correlation between quantities of total
load transported in the uprush of instantaneous swash events and the mean (p = 0, r2=
0.66) and maximum uprush velocities (p = 0, r2= 0.68) was significantly strong. An
increase in the velocity of uprush events meant that greater quantities of sand, granules
and sediment tracer were entrained and transported onshore.
Mean bed shear stresses were significantly greater in the backwash than those in
the uprush between 1020 and 1250 (Wilcoxon signed rank test, z = 4, p = 0, N = 29).
Shear stresses in the uprush and backwash were capable of entraining sand and granules
from the upper foreshore tracer plot (Figure 4.25 C). Mean uprush depths were
significantly greater than those in the backwash (Wilcoxon signed rank test, z= 420, p =
0, N =29). Maximum velocities over 5 min intervals ranged from 1.67-2.84 ms-1 in the
uprush and 1.48-2.76 ms-1 in the backwash. Mean durations in the backwash were
observed to be significantly greater than those in the uprush (Wilcoxon signed rank test, z
= 0.000, p = 0.000, N =29). Cross-shore flows were skewed offshore between 10:20 and
12:50 with skewness values ranging between -1.09 to -1.61.
Sediment tracer from the mid-foreshore tracer plot (green tracer) observed in traps
between 10:20 and 12:50 when trapping occurred on the upper foreshore was material
that had been exhumed during the rising tide (between 09:00 and 10:15), and transported
to the upper foreshore by swash flows (Figure 4.23A). The quantities of this material
observed in traps thus cannot be related to time averaged swash characteristics observed
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between 10:20 and 12:50. A possible explanation for the lack of increased exhumation
and transport of tracer from the upper foreshore tracer plot (red tracer) after the rising tide
could be that the plot became buried in the large quantities of total load that are
transported over individual swash events (Figure 4.23 C). The few peaks in egg transport
observed between 1020 and 1250 suggest that eggs were more likely to move onshore.
However, because quantities entrained and trapped between this time period were so low,
statistical tests could not be performed to link variation in quantities to swash processes.
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Waves broke just landward of the mid-foreshore tracer plot during the latter stages of the
falling tide (12:55 and 13:20) when the last samples were trapped in the uprush and
backwash (Figure 4.21). Quantities of sediment tracer trapped from the mid-foreshore
were lower compared to those trapped during the rising tide when waves broke at the
same location and breaking wave heights were comparable (Figure 4.23B). Data reveal
that significantly greater quantities of sediment tracer were exhumed and transported
from the mid-foreshore tracer plot in the uprush compared to the backwash by wave
breaking and swash flows during the falling tide between 12:30 and 13:20 (Wilcoxon
signed rank test, z = 21, p = 0.036, N = 6). A few peaks in the quantities of eggs in
transport were observed in uprush flows, but these quantities were significantly lower
than those trapped during the rising tide (Figure 4.22 B). Sediment tracer trapped from
the upper foreshore between 12:30 and 13:20 represented material that was exhumed and
transported to the mid-foreshore by swash events of relatively large width during the
rising and high tide. No eggs were trapped from the upper foreshore between 12:30 and
13:20. Greater quantities of total load were trapped in the uprush relative to the
backwash. Uprush immersed weights ranged between 14.7 to 54.0 kg m-1 and backwash
immersed weights ranged between 7.9 to 16.3 kg m-1. (Figure 4.23 C). Cross-shore flows
were skewed offshore during the falling tide between 10:20 and 12:50 with skewness
values ranging between -0.51 to -1.88.
Mean bed shear stresses were observed to be greater in the backwash than those in
the uprush between 12:30 and 13:20, but a statistically significant difference was not
observed. Mean uprush depths were significantly greater than those in the
backwash (Wilcoxon signed rank test, z = 6, p =0.036, N= 6). Maximum velocities over
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ranged from 1.21 to 1.39 ms-1 in the uprush and 0.89 to 1.38 ms-1 in the backwash. Mean
durations in the backwash were observed to be significantly greater than those in the
uprush (Wilcoxon signed rank test, z = 6, p = 0.036, N = 6). Data reveal that the
measured bed shear stresses in the lower swash just landward of wave breaking were
capable of entraining sediment tracer from the mid-foreshore tracer plot during falling
tide (Figure 4.26). Water depths in the upper swash at the location of the upper foreshore
tracer plot were low between 12:30 and 13:20 and instruments were not able to record
continuous measurements. Therefore, shear stresses generated at the bed within swash
flows on the upper foreshore could not be estimated and compared with those in the
lower swash. Quantities of sediment tracer transported in the uprush and backwash were
low compared to quantities transported during rising tide (Figure 4.23 A and B), and
statistical analysis reveal that wave and swash characteristics did not appear to control the
variation in quantities trapped during the falling tide.
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CHAPTER 5
DISCUSSION

5.1 Overview
This study has been a response to a lack of detailed knowledge on processes in the swash
that are responsible for horseshoe crab egg and sediment exhumation and transport on
sandy estuarine beaches. Swash parameters (mean and maximum velocity, shear stresses,
duration and depth) in the uprush and backwash, as well as the lower and upper swash
were significantly different but these results alone were not able to explain entrainment
and transport of horseshoe crab eggs and movement of gravel in or over the sand over the
tidal cycle. Results suggest that since flows were skewed offshore, dominant transport of
eggs and sediment should occur in the backwash whereas data suggest that the inverse is
true. Turbulence generated from the collapse of plunging waves on the steep foreshore
was the primary mechanism responsible for entrainment of gravel and eggs buried at
depth in the mid-foreshore. Results suggest that region of the foreshore that is likely to
see greatest concentrations of spawning crabs and deposition of egg clusters also has the
highest potential to lose eggs by both wave activation and bioturbation. Eggs deposited
on the upper foreshore will remain buried unless storm waves or bioturbation can cause
exhumation.

5.2. Characteristics of Sediment in Transport in the Swash Zone
Sandy estuarine beaches with a gravel component (Figure 2.3), such as the one examined
here, exhibit a pattern of surface sediment characterized by an accumulation of gravel at
the upper swash uprush limit at high water, a sandy surface that extends to about mid-
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foreshore, and an accumulation of gravel at the lower foreshore (Nordstrom and Jackson,
1993). Data suggest that this pattern is, in part, influenced by the changes in availability
of gravel sized material over the tidal cycle.

Differences in Percent Gravel during Rise versus Fall
Tidal rise and fall play an important role in sediment transport on the foreshore because
tides affect the distribution of wave energy over the profile and the duration any given
region on the foreshore will be reworked by breaking waves and swash (Duncan, 1964).
The significant differences in the percent gravel trapped on the rise versus fall of the tide
are a function of transport conditions in the breakers and swash that preferentially
transport the gravel fraction. The percent gravel trapped in the swash (especially in the
uprush) during the rising tide (Table 4.1) is closer to the 7.5% gravel in the bed prior to
trapping. This gravel is mined and incorporated into the step.
The increase in the quantity of gravel in the swash uprush approaching the time of
high water when the step is located on the upper foreshore (Table 4.1, Figures 4.12 and
4.12) suggests that gravel that accumulates in the step during tidal rise is the primary
source of gravel to the swash zone there. Turbulence associated with plunging waves
repeatedly lifts and drops pebbles within a step and some of the coarser material makes
its way into the uprush (Strahler, 1966). The energy under the incident peak during the
early rising tide on an estuarine beach is low (Nordstrom, 1992) and the step is not as
well developed as at high tide. Thus the importance of the step as a source of gravel to
the swash is less after bore collapse when water levels are low. As the tide rises, offshore
water depths and wave energies increase and an increasing proportion of gravel to sand is
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transported in the swash. The high tide still-stand is characterized by stationarity of the
swash zone and progressive removal of gravel from the mobile layer, limiting the
likelihood of granules and pebbles moving in the uprush resulting in a greater proportion
of sand in transport (Figure 5.1B). The bed becomes primarily sand, with the coarsest
particles stranded at the upper limit of swash at high tide as observed previously by
Nordstrom and Jackson (1993). Through time, fewer pebbles are recaptured by
subsequent swashes and moved offshore in the backwash.
The increase in percent gravel trapped in the uprush and backwash during the
early falling tide (Figure 5.1C) can be attributed to the large volume of gravel that
accumulated in the step over time and a rate of step migration down the beach slope that
is slower than the rate of migration of the breakers. This process places the step within
the lower swash zone, leading to the mobilization of coarser sediment sizes. As the tide
falls, gravel will be carried down the beach in the backwash. Gravel particles once set
into motion by turbulence or shear stresses under breaking waves are likely to move
down slope on steep beaches (Osborne et al. 2006).
The well rounded pebble fraction is readily transported down the beach in the
backwash during the falling tide. This hydrodynamic shape sorting of pebbles is in
agreement with field observations of Orford (1975) and Ciavola and Castiglione (2009)
who observed the accumulation of discoid particles on the upper part of the beach and
movement of the more rounded and pivotable particles downslope. The largest grains
may also be transported farther down slope in the backwash due to their greater
momentum.
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The differences in percent gravel trapped over time do not appear to be due to
variations in location of trap placement within the swash zone. When the step lies close to
the location of trapping, sediment entrained by bore collapse will be advected into the
uprush (Austin and Buscombe, 2008), and coarser sediment is likely to be in suspension
close to the breakers. If the step lies farther away from the location of trapping, the
potential for capture of gravel diminishes because coarser particles settle to the bed
before they can be trapped. The position of the step relative to the location of trapping
was between 2.0 and 2.8 m, and this variation would not account for the differences
observed.

Explanations for Preferential Movement of Gravel
Sediment transported in the swash can be inherited from bore collapse (Petti and Longo,
2001; Austin and Masselink, 2006) or result from bed shear stress that entrains sediment
within the swash zone (Wilcock, 1996, Barnes et al., 2009). Gravel can be transported
when critical shear thresholds in the swash zone are not exceeded if overpassing
(Nordstrom and Jackson 1993), changes in bed roughness due to prior swash events
(Austin and Buscombe, 2008) or inheritance from wave breaking (Jackson et al., 2004)
occur. Overpassing occurs because gravel particles have low pivoting angles; project into
swash flows, and therefore have a greater probability of entrainment and movement over
the sand fraction (Everts, 1973; Komar and Li, 1988). A single swash event may cause
instantaneous textural changes on a bed comprising of a range of sediment sizes by
altering the sediment transport thresholds for transport during a subsequent swash event.
An increase in the bed roughness during a swash event may increase bed shear stresses
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and turbulence, leading to greater sediment transport; cause larger particles to be
preferentially transported due to protrusion into the flow or may cause reduced mobility
due to the larger entrainment thresholds of the bigger grains. Due to these reasons, a
velocity event of similar magnitude during the next swash event may result in a
completely different rate of bed motion (Austin and Buscombe, 2008). Gravel observed
in traps during events when flows are incompetent to mobilize coarser material can also
enter the swash zone as a result of turbulence associated with bore collapse seaward of
the base of the true swash zone and/or the interaction between an uprush and the previous
backwash (Jackson et al. 2004).
The contribution of gravel to the swash zone from wave breaking on the step
(bore collapse) is a possible explanation for the changes documented in the size
distributions that occur on the rising tide just prior to high water. The time period from
10:17 to 10:46 reveals an increase in percent gravel (Table 4.1) but on three of the four
swash events sampled then the bed shear stress in the uprush did not exceed the threshold
to move pebbles in transport (Table 4.2). Those pebbles are likely the result of wave
breaking on the step. Plunging waves on estuarine beaches are converted directly to
swash (Nordstrom, 1992), providing a mechanism for mining gravel directly from the
step and transporting it up the foreshore. It is likely that the interaction of successive
swash events enhances sediment suspension in the swash, contributing to gravel
movement.
Capture of previously deposited gravel particles at the swash limit may account
for the increase in pebbles trapped in the backwash at 10:17 while the tide was still rising.
The width of the uprush at 10:17 was 4.5 m (relative to the previous uprush width of 3.3
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m) revealing greater potential to capture gravel deposited on the bed by previous swash
events above the sampling point.
During falling tide, the differences in the uprush and backwash distributions are
not due to flow incompetency in the swash zone. The calculations of shear stress assume
that the bed is comprised of one grain size but on the study beach gravel is moved in or
over sand. Overpassing may play an important role in transporting pebbles since the
shallow backwash depths provide a low angle of attack, making it easier for coarser
particles with high pivoting angles to protrude above the sand into the flow and move
downslope (Nordstrom and Jackson, 1993). The high degree of roundness coupled with
the low sphericity of the pebble clasts on the beach increase their probability of
entrainment and movement over the sand particles.
Velocity events of similar magnitude may result in different rates of bed motion
depending on bed roughness (Austin and Buscombe, 2008), and an increase in the bed
roughness due to prior swash events could increase bed shear stresses and turbulence,
leading to greater sediment transport. However, this process is unlikely because the study
beach is predominantly sand with a small gravel fraction, and isolated pebble clasts on
the sand bed should not account for the changes in gravel in the traps.

5.3 Egg and Sediment Tracer Transport on October 12 and October 14, 2007.
Results of the tracer experiments reveal sediment and egg transport is controlled
predominantly by wave breaking and advection of sediment into the uprush and accounts
for the greater quantities of sediment and eggs trapped in the uprush relative to the
backwash despite offshore directed flows in the swash zone (Jackson et al., 2004;
Masselink and Puleo, 2006). Temporal trend of eggs trapped over the tidal cycle reveal a
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pronounced peak in number of eggs in the swash during the rise with a pronounced
decrease in number of eggs transported as water levels fell during the falling tide.
Nordstrom et al. (2006) found a similar increase in the number of eggs trapped in the
uprush during rising tide but found no relationship between wave heights and quantity of
eggs in the swash. Results from October 14 revealed an increase in wave energy with
tidal rise but quantities of eggs in transport did not increase beyond the early stages of the
rising tide. Swash widths in the upper swash zone during rising tide were wide enough to
entrain a small proportion of eggs from the upper foreshore but local shear stresses in the
swash at high tide were not capable of entraining or transporting sediment despite higher
wave heights.

Bioturbation, Wave Activation and Foreshore Response
Bioturbation and wave activation are necessary to exhume horseshoe crab eggs at depths
initially laid during spawning. In the absence of spawning or when spawning densities are
low, wave activation is the principal process for exhuming eggs from the beach matrix
(Jackson et al., 2005). Previous studies identify the importance of high wave heights and
swash events with large widths associated with spring tides as being the most important
mechanisms in exhuming buried eggs from the lower and upper foreshore (Yamahira,
1996; Martin and Swiderski, 2001). Smith et al. (2002) report that higher wave heights
would increase depths of activation, but horseshoe crab spawning would be suppressed if
wave heights exceeded 0.30 m. Wave heights on October 14 exceeded this value and
resulted in activation depths less than the depth that horseshoe crabs lay their eggs. The
implication is that under wave heights monitored in this study, the likelihood for
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spawning would be low and thus egg availability would be limited to the activation
depth.
An increase in spawning density will cause successive sets of burrowing crabs to
disturb eggs that are buried to depths that cannot be activated by waves and these eggs
will be mobilized to the surface (Smith, 2007). Only two locations on the foreshore were
monitored during the tracer deployments but the area of the beach where exhumation
potential was greatest, based on the activation depth and egg tracer recovery, coincides
with the location on the foreshore where cumulative cross-shore egg distribution is
highest (Weber and Carter, 2009). While a considerable portion of these eggs can be
exhumed due to the position of wave breaking on the foreshore, eggs buried landward of
wave breaking will be unavailable without sufficient spawning densities. The results of
this study confirm the joint and sequential roles of bioturbation and wave activation to
increasing egg availability to shorebirds.
Morphologic adjustment of the foreshore on estuarine beaches also can change
the vertical position of horseshoe crab eggs in the beach matrix (Jackson et al., 2008) in
response to erosion or accretion of the profile (Nordstrom and Jackson, 1992). Moffat
and Thomson (1978) reported that exhumation of grunion eggs from the sand matrix was
dependant on erosion by waves associated with a tidal range higher than when eggs were
initially buried. Breaking wave heights averaging 1.1 m during high water on October 12
exhumed no eggs due to accretion on the foreshore. If no subsequent storms disturb the
foreshore sediment, eggs will remain buried, undergo development into larvae if
conditions are optimal (Weber and Carter, 2009) and remain unavailable to shorebirds for
foraging. Results of this study suggest that eggs buried in the upper foreshore have the
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greatest likelihood for remaining in the beach matrix but conditions in this region of the
foreshore reduces their chances for development (Penn and Brockmann, 1994; Jackson et
al., 2008). Similar observations were reported by Yamahira (1997) and Martin and
Swiderski (2001) who reported that eggs of species that spawned in the upper intertidal
zone will remain buried and develop if oxygen and moisture levels are optimal for
development, but are at risk of desiccation if swash flows do not reach the location where
eggs are buried.

Movement of Sediment and Eggs
Movement of sediment and eggs is predominantly onshore despite offshore directed
flows in the swash and this confirms findings of previous studies on swash sediment
transport on exposed ocean beaches (Masselink and Russell, 2006). Onshore sediment
transport is attributed to factors such as enhanced bed shear stresses in the uprush (due to
flow acceleration, bore turbulence or infiltration effects) and advection of bore-entrained
sediment into the swash zone. Sediment transport in the swash zone of steep beaches is a
function of wave breaking and advection into the swash (Hughes et al., 1997; Jackson et
al., 2004). Turbulence generated from bore collapse is able to extend its influence into the
shallow waters of the uprush and consequently on the bed effectively suspending and
transporting sediment in an onshore direction (Puleo et al., 2000; Butt et al., 2004).
Jackson et al. (2004) reported that sediment entrained during bore collapse just seaward
of the lower swash zone was advected into the uprush and transported up the beach along
with sediment that was locally entrained by shear stresses at the bed. Plunging breakers at
the field site allows increased energy dissipation and associated turbulence even though
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swash asymmetries are directed offshore, therefore enhancing uprush sediment transport.
Local shear stresses in the swash did not exceed the threshold for entrainment of
sediment and thus exhumation of eggs and sediment was limited during the higher stages
of the tide despite higher wave heights. The low quantities of eggs and sediment
entrained from the upper foreshore are a function of the decreasing depths and flow
velocities approaching the uprush limit.

5.4

Concluding Statement

This dissertation extends the results of previous investigations of gravel transport on
estuarine beaches by identifying process conditions that influence sediment transport in
the uprush and backwash and account for the significant increase in percent gravel during
fall versus rise of the tide. The results highlight the importance of the exhumation of
gravel from the beach matrix by wave breaking and transport in the swash during rising
tide and the rate of breaker migration relative to step migration during the falling tide.
High wave energies reported during high water result in gravel escaping from the step
and being transported in the swash uprush with subsequent deposition as a gravel band on
the upper foreshore. Overpassing and greater momentum of the larger particles and the
stranding of the step in the lower swash were factors that led to an increase in the
quantity of gravel trapped in the backwash during falling tide.
Energetic bore collapse on the mid-foreshore region of the steep estuarine
foreshore played a significant role in generating onshore transport of sediment and eggs
even though mean swash flows were directed offshore. Rates of egg and sediment
transport were greater on October 14, 2007 even though mean wave heights were lower
than those observed on October 12, 2007. On October 14, quantities of eggs exhumed
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and transported from the mid-foreshore by wave and swash processes during the rising
tide were greater than quantities entrained from the upper foreshore by swash flows
alone. Quantities of total load in transport on both days were high and significant
accretion was observed across the upper foreshore on October 12, 2007. Results imply
that wave and swash processes on steep, estuarine beaches can cause significant
morphological changes across the foreshore which has critical implications for egg
availability to shorebirds.
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